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ABSTRACT 
 

 
Chapter 1: Introduces the field of nanoscience including key concepts like important 

structure property – relationships, how nanomaterials are categorized, how nanomaterials are 

made, how nanoparticles are characterized, and what these nanomaterials can practically be used 

for. This chapter serves to provide foundational knowledge for the understanding of the remainder 

of this work.  

Chapter 2: This chapter pertains to the bimetallic iron – cobalt carbide (FexCo1-xCy) 

system. Specifically, this chapter serves to understand the effect of the iron and cobalt ratios on 

material properties (phase composition, size, and morphology), electrochemical performance of 

the FexCo1-xCy nanomaterials in the oxygen evolution reaction (OER), and material 

transformations under OER conditions.  

Chapter 3: This chapter pertains to the bimetallic iron – nickel carbide (FexNi1-xCy) and 

trimetallic iron – nickel – chromium carbide systems. Particularly, this chapter aims to gain insight 

into the effect of tuning iron and nickel ratios on material properties, electrochemical performance 

of the FexNi1-xCy nanomaterials in the oxygen evolution reaction (OER), and material 

transformations under OER and alkaline conditions. Furthermore, the addition of Cr to the 

bimetallic system is investigated for the enhancement of OER performance.  

Chapter 4: This chapter pertains to the bimetallic iron – cobalt carbide (FexCo1-xCy) 

system. As a follow up to the work completed in chapter 2, chapter 4 takes a closer look at synthetic 

control in the FexCo1-xCy system. Chapter 2 reveals a complex phase range that exists in these 

materials. In this chapter the effect of halide species, halide concentrations, and metal 

concentrations on FexCo1-xCy phase composition is investigated by coupling theoretical (density 
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functional theory) and experimental data to gain insight on how phase and metal compositions can 

be leveraged to produce targeted materials. 

Chapter 5: This chapter expands the work from previous chapters by implementing 

Prussian Blue Analogues (PBAs) as single source precursors for the formation of nanocarbides 

from first row transition metals (Cr, Mn, Fe, Co, Ni) including monometallic (Ni3C), bimetallic 

(FeNi), trimetallic (FeCoNiC), tetrametallic (CrFeCoNiC), and pentametallic (CrMnFeCoNiC) 

systems. This chapter focuses primarily on comparing these materials to the pentametallic (high 

entropy) PBA – derived materials as they are of increasing interest for applications in catalysis. 

We take a closer look at how the distribution of first row transition metals, the morphology, size, 

lattice planes, and crystal structure evolve from the monometallic carbide to the pentametallic 

carbide. Additionally, the nanocarbides are tested for water splitting performance under alkaline 

conditions.  

Chapter 6: This chapter expands the work from chapter 5 by implementing Prussian Blue 

Analogues (PBAs) as single source precursors for the formation of nano MX-ides (oxides, sulfides, 

phosphides) from first row transition metals (Cr, Mn, Fe, Co, Ni) including monometallic, 

bimetallic, trimetallic, tetrametallic, and pentametallic systems. Preliminary pXRD and XRF data 

is reported showing the capability to expand this synthetic technique to other highly sought-after 

materials. This work serves to highlight the versatility of our synthetic approach as well as 

opportunities that exist to actualize PBA – derived nanomaterial synthesis.  

Chapter 7: This chapter summarizes the findings reported in this thesis and describes 

future opportunities for further understanding of how PBAs can be implemented as robust, rational, 

scalable, cost effective, and tunable single source precursor for the production of next generation 

high entropy materials. 
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CHAPTER 1 

INTRODUCTION 

1.1 Nanoscience and Nanotechnology 

Nanoscience is the study of the physical (color, crystal phase, morphology) and chemical 

(reactivity, electronic states)  properties of nanoscale materials, whereas nanotechnology is the use 

and manipulation of nanomaterials for important applications in devices, catalysis, and medicine.1 

Nanotechnology was introduced in the 1950s by Richard Feynman, and the term was coined by 

Norio Taniguchi in 1974.1 In general, materials are classified by size and composition. There are 

five main size regimes used to categorize materials; macroscopic materials which have one or 

more dimension between 1 cm to meters, bulk materials which have one or more dimension 

between 1 mm – 1 cm, microparticles which have one or more dimension between 1 μm – 1 mm, 

mesocrystals which have one or more dimension between 100 nm – 1 μm, and nanoparticles (NPs) 

which have one or more dimension between 1 nm – 100 nm in size. Likewise, materials can be 

further categorized by compositions. There are five main compositional classes of materials: 

organic (polymers), inorganic (polymers), inorganic (metals), inorganic (ceramics), and 

composites. A polymer can be defined as a homogeneous structure of repeating units called 

monomers; one can think of Legos as an example of monomers which come together to create a 

larger structure which is the polymer. Metals are materials that are made up of metallic elements 

and typically have high electrical and thermal conductivity due to the overlap of electron density. 

Ceramics are materials that are composed of inorganic elements with some metals incorporated 

like tetrels (carbides and silicates), pnictides (nitrides and phosphides), and chalcogenides (oxides, 

sulfides, selenides). Ceramics are known for their hardness, resistance to extreme conditions 

(corrosion, high temperature, and high pressure), and chemical inertness. The central dogma of 
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most applied science is that form follows function, meaning that in order to control a material’s 

properties the structure must be thoroughly understood and well characterized. Materials scientist 

can then leverage a material’s structure in order to target sought after mechanical, thermal, 

electrical, magnetic, optical, or chemical properties. This thesis will focus primarily on inorganic 

polymer mesocrystals and ceramic nanocrystal (NCs) materials. 

1.1.1 Structure – Property Relations in Bulk, Meso, and Nanoscale Inorganic Materials 

Nanoparticles exhibit unique chemical and physical properties as compared to their bulk 

counterparts because of the increased surface area to volume ratio in nanomaterials. Some 

examples of these properties include enhanced catalytic activity/stability or magnetic properties as 

well as allowed spin forbidden transitions due to quantum effects. Nanomaterials can be referred 

to as nanoparticles (NPs) or nanocrystals (NCs) in a general manner, but the material’s properties 

depend on its composition and size. Inorganic nanomaterials can be further classified by their 

composition as metallic, semiconductors, or insulators. Likewise, nanomaterials come in a variety 

of morphologies with the most common being spherical particles, due to a stabilization of the 

surface that occurs to minimize surface energy along facets of a crystal, but they can also take on 

a variety of other 3D polyhedron crystal shapes. When NCs are confined in one direction, they 

take on a 2D morphology, for example a platelet is a common 2D structure where the crystal can 

grow in the x and y direction but not the z direction. When an NC is confined in two directions it 

is referred to as a 1D nanomaterial, nanorods are a common example. Similarly, when a 

nanomaterial is confined in all three x, y, and z directions, it is known as a 0D nanomaterial 

commonly called “quantum dots”. Quantum dots are nanoparticles that specifically have a radius 

that is less than the Bohr radius (a constant that defines the most probable distance between an 

electron and nucleus for a ground state hydrogen atom) and are of interest because of their optical 
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and electronic tuneability based on size. This phenomenon of quantum confinement in quantum 

dots was most recently recognized by the Nobel prize in chemistry in 2023. The award was given 

to Aleksey Yekimov, Louis Brus, and Moungi Bawendi for the discovery and development of 

semiconductor quantum dots and their intriguing physical properties for applications in LEDs, 

OLED TVs, and histology due to quantum confinement effects.  

1.2. Band Theory 

 1.2.1. From Atomic Orbitals to Bulk Materials. In an atom, electron density is 

characterized as discrete energy levels known as atomic orbitals which are adapted based on 

molecular symmetry. At the most basic level, electron density defines reactivity of an atom, 

molecule, or ion. When two atoms bond together, or share electron density, the energy levels of 

each atom within the bond combine and form a new set of discrete energy levels known as 

molecular orbitals. In a molecular orbital diagram, there is an energy gap that exists between the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO), this energy gap represents the amount of energy that is required to excite an electron 

from a filled state (HOMO) to an excited state. The energy gap between HOMO and LUMO is 

unique to every molecule that exists. This energy gap, or absorption, is important to note as it can 

be used to do work (optically or electronically). As a molecule gets more complex or becomes 

larger, the number of molecular orbital states that exist increases. Eventually, once a molecule has 

a repeating unit it has reached the point of a material, or polymer. Materials have so many 

molecular orbital states that are so close in energy that instead of describing them as discrete 

orbitals we describe the electron density in structures known as bands. These bands are a projection 

of atomic orbitals across electron momentum space (k – space) wherein the assumption of infinite 

orbitals contributes to their formation of a bulk band. Bands are commonly illustrated graphically 
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as a density of states model wherein the electron occupation is shown within the orbital framework.  

Similarly, bands are used to categorize the type of material.  

 1.2.2. Band Structures of Metals Semiconductors and Insulators. The band structure 

can be visualized similarly to the molecular orbital, however, differ in the fact that bands are a 

summarized form of all atomic orbital energy levels within a material. The bands and the electron 

density in the density of states for the bands allow the categorization of materials into three main 

groups:  insulators, semiconductors, and metals, as depicted in Figure 1.1. The properties of these 

materials are closely related to their electronic structures. The metallic band diagram can be 

represented as one large band because the atomic orbitals within the conduction and valence bands 

are overlapping, which describes the free-flowing nature of electrons within these materials. 

Metals are electrically and thermally conductive due to the overlap of the band levels, which allows 

the ease of electrons to move through the energy states. A semiconductor has two distinct bands, 

the conduction band, which can be equated to the HOMO in a molecular system, and the valence 

band which can be equated to the LUMO in a molecular system. The valence band represents the 

Figure 1.1. Band diagram schematic describing metal, semiconductor, and insulator 
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energy levels that are electron filled and the conduction band represents the energy levels that are 

empty. An energy gap exists between the bands in a semiconductor known as the band gap, the 

larger the band gap the more energy it takes to excite an electron from the ground to excited state. 

Similarly, an insulator also has a conduction and valence band. What separates an insulator from 

semiconductor is the distance of the bandgap. An insulator is characterized by having a band gap 

energy of 4 eV or greater. A semiconductor can have a band gap energy from 0.5 to 3.9 eV, and a 

metal is < 0.5 eV. The last feature in a band diagram that is important to note is the fermi level 

(Ef), which represents a value of thermodynamic work energy that is required to add one electron 

to the material. At 0 K, the Fermi level is the highest energy a population of electrons can reach. 

The relative location of the fermi level within the band diagram can provide insight into electronic 

properties like conduction.   

1.3. Nucleation Theories 

There are a number of nucleation theories of nanoparticle growth that have been proposed in the 

literature.2  

1.3.1 Classical Nucleation Theory (CNT). Classical nucleation theory follows the LaMer 

model of nanoparticle growth which is dependent on precursor (monomer) concentration and 

reaction time as illustrated in figure 1.2.3,4 CNT describes nucleation as a three stage process 

involving the formation of a critical nucleus followed by its growth into a stable nucleus. Stage I, 

the monomer concentration increases to the critical supersaturation concentration (Cmin) required 

for nucleation. Stage II, the monomer saturation is partially relieved by the nucleation event. Stage 

III, the monomer concentration drops below the level required for nucleation, and particle growth 

proceeds by addition of the monomer to the particle surface. With a limited supply of monomer 

available, the monomer concentration approaches the lower solubility limit (Cs), and additional 
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growth proceeds by Ostwald ripening, which is the phenomenon observed in solutions that refers 

to dissolution of small particles in solution and redeposition of those onto the surface of larger 

crystals.3,4 Ostwald ripening leads to the formation of heterogeneous particle size distribution and 

aggregation of particles. CNT assumes a constant rate of nucleation over time where nucleation 

occurs due to a balance between the free energy required to form new nuclei and the free energy 

released by this formation. CNT is most applicable to systems where the nucleation process is 

primarily driven by temperature, monomer supersaturation, and the presence of pre-existing nuclei 

is negligible. 

1.3.2. Autocatalytic Nucleation Theory (ANT). Autocatalytic nucleation theory 

describes nanoparticle growth as an extension of the classical nucleation theory (LaMer) as it 

considers the role of existing nanoparticles as catalysts for the nucleation of new nanoparticles. 

Figure 1.2. Classic LaMer mechanism for nanoparticle growth can be explained in three 
stages: saturation, nucleation, and growth.  Reprinted with permission from Chem. 
Mater. 2015, 27, 17, 6059–6066.  
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ANT assumes that the presence of nanoparticles enhances the rate of nucleation, leading to a self-

perpetuating growth process that is typically seen in metallic or semi-metal nanoparticle systems. 

Autocatalytic nanoparticles follow the mechanism studied by Finke and Watsky as shown in figure 

1.3. 5 ANT emphasizes the role of existing nanoparticles as active sites for the nucleation of new 

nanoparticles and assumes that the presence of these existing nanoparticles lowers the energy 

barrier for nucleation of new nanoparticles, leading to a faster nucleation rate resembling a 

sigmoidal growth function. ANT predicts a non-constant, increasing rate of nucleation over time. 

Figure 1.3. Autocatalytic growth kinetic model in three stages lag, growth, and plateau 
phases. Reprinted with permission from J. Phys. Chem. C 2017, 121, 9, 5302-5312. 
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The rate of nucleation and size of resultant nanoparticles are highly dependent on concentration 

and time.  

1.3.3. Avrami Nucleation Theory. The Avrami theory describes how nanoparticles grow 

within a matrix or solution. This theory assumes that nanoparticle growth is governed by 

nucleation, similar to CNT. However, unlike CNT, it does not assume a constant rate of nucleation. 

Instead, the rate follows an exponential function (Eq. 1) where 𝑓𝑓(𝑡𝑡) is the fraction of transformed 

phase at time 𝑡𝑡, 𝑘𝑘 is the rate constant, and 𝑛𝑛 is the Avrami exponent, which depends on the 

dimensionality of the materials under study. For example, a value of 𝑛𝑛=1 indicates one-

dimensional growth, while 𝑛𝑛=3 indicates three-dimensional growth as described in Avrami’s 

works. 6–8 Avrami theory is a more universally applicable model as compare to the other nucleation 

theories as it can be used to describe bulk material growth as well as nanomaterials. However, the 

gold standard used in the nanoscience field to describe growth is the Finke-Watsky Autocatalytic 

growth model. 

(Eq. 1)  f(t) = 1− exp(−ktn) 

 

1.4. Methods of Nanoparticle Synthesis 

 1.4.1. Bottom – Up Methods. Bottom – up synthesis methods take atomic building blocks 

that form clusters which subsequently combine to construct a nanoparticle. Sol-gel, spinning, soft 

and hard templating, pyrolysis, chemical vapor deposition, solvothermal and hydrothermal, and 

reverse micelle are all examples of bottom – up methods.9  

1.4.2. Top – Down Methods. Top – down synthesis methods take the opposite approach 

to bottom – up and rather than using building blocks to form the nanoparticle, a larger bulk material 

is destructed and transformed into smaller nanomaterials. Examples of top – down methods include 
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thermal decomposition, mechanical milling, laser ablation, sputtering, arc discharge, and nano 

lithography.9 Thermal decomposition is one of the main top-down approaches taken in this work. 

Thermal decomposition works by actively heating a bulk material to a critical temperature needed 

for the formation of nanomaterials, the decomposition temperature is material dependent. 

Classically this is a solid-state chemistry synthetic approach and typically does not require solvent. 

However, in this work Prussian Blue Analogues (PBAs) are used as sacrificial templates to 

produce resultant nanomaterials, this method is executed in high boiling point organic solvents 

like octadecylamine, dodecanethiol, or trioctylphosphine.  

 1.4.2.1 Sacrificial Templated Nanomaterial Synthesis. Previous work in the Strouse 

group at FSU has uncovered a versatile synthetic technique to produce nanocarbides and 

nanoalloys as shown in Figure 1.4.10 The work established in 2019 showed that the metal 

composition in the mesocrystal precursor is maintained in the resultant nanomaterials, the 

formation of the carbide is reliant on presence of the aminated solvent, and the PBA templates the 

growth of the nanomaterial by selective etching of the PBA as it decomposes under synthetic 

conditions. Figure 1.4. shows the proposed mechanism of the templated thermal decomposition 

where upon heating to 350°C, the cubic PBA releases NCN− and (CN)2 from the destabilization of 

the CN linkages between metal sites within the crystal structure as gas byproducts. After two hours 

of heating the PBA is decomposed fully and the carbide is formed, matching the 

thermodynamically most stable carbide, Fe3C phase. Upon further heating, carbon is released from 

the carbide crystal through carbon diffusion and after heating for 6 hours the final structure of 

FeCo alloy is produced. Beneath the proposed mechanism schematic are electron images of the 

PBA, carbide, and alloy highlighting the morphology of the materials.  
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A time dependent study of the PBA decomposition was done to take a closer look at the 

templated growth of the carbides. Figure 1.4. shows the time dependent etching along the (111), 

(010), and (001) facets and in between the facets where nucleation of the nanocarbide occurs. The 

facets found between the channels etched in the PBA were matched to the carbide crystal phase. 

Expansion of Hardy and coworkers work in this thesis illustrates this robust and versatile synthetic 

method can be translated to more complicated multimetallic and other various ceramic type 

nanomaterials such as phosphides, oxides, and sulfides.  

 

Figure 1.4. (a) Proposed interconversion of a K[Fe2–xCox(CN)6] to Fe3–xCoxC and Fe2–

xCox nanoparticles. pXRD and TEM of each synthetic stem shown below. Reprinted with 
permission from Chem. Mater.2019,31,19,8163–8173.  

https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facs.chemmater.9b02957&href=/doi/10.1021%2Facs.chemmater.9b02957


11 
 

 

Figure 1.5. Time-dependent TEM images and the proposed PBA changes indicating the 
direction of etching during the interconversion process. The reaction aliquots are drawn after 
60 min at 50 °C (b–d), 0 min (f–h), 15 min (j–l), 30 min (n–p), and 60 min (r–t) at 350 °C. The 
image magnifications from left to right are 40 000×, 400 000×, and 1 000 000×. Images a, e, i, 
m, and q are schematic representations at the specified time points. Reprinted with permission 
from Chem. Mater. 2019, 31, 19, 8163–8173.  

https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facs.chemmater.9b02957&href=/doi/10.1021%2Facs.chemmater.9b02957
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1.5. Research Motivation 

 In this work a plethora of new materials have been synthesized, characterized, and tested 

in applications such as the water splitting reaction. The motivation behind this research is to design 

new advanced materials that are cost effective, globally accessible, sustainable, and scalable. 

Additionally, there is a focus on controlling complex material characteristics like crystal phase and 

elemental composition for the production of targeted materials because the structure of the material 

determines the function of the material. 

  Much research has been done on synthesizing nanomaterials; however, many studies 

focus on perfecting small batches of nanomaterials. For small scale academic applications this 

approach suffices but we aim to produce materials that could be manufactured in industrial 

proportions. Additionally, the materials produced should be low cost. There is a huge effort in the 

field of chemistry to find first or second row transition metal alternatives to state-of-the-art 

materials for many applications, especially in catalysis. The standard for catalysts in the organic 

division, for example, are ruthenium or platinum complexes. Likewise in the world of 

heterogeneous catalysis noble metals (Ir, Os, Ag, Au, Ru, Pt, Pd) remain the “gold standard” as 

they are very inert elements that are great hosts for electron transfer. Recently, there has been a 

huge effort to move away from noble metal-based materials and discover new cost effective 

alternatives.11–15 Many scientists have specifically started testing first row transition metals for the 

same applications that noble metals have been used for as we now have better methods of 

controlling reactivities in structures made with these cheaper elements. Another benefit of using 

first row transition metals as opposed to nobles is that they are accessible with a few exceptions 

where there are some supply chain issues. 
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 The water splitting reaction which is a green method (fully sustainable when powered by 

renewable resources) of producing hydrogen fuel. With the increase in fossil fuel-based gas prices, 

environmental impact of crude oil fracking, recent electric vehicle failure and safety concerns, and 

consistently increasing greenhouse gases in Earth’s atmosphere, a new standard of energy 

production must be realized. Hydrogen fuel is a more efficient fuel because it can be produced 

sustainably, when burned creates no toxic byproducts, and can store almost three times as much 

energy as fossil fuels. (120 megajoules/kg vs 45 Mj/kg).16 A sustainable future is accessible with 

the actualization of Hydrogen fuel. 

1.6. Applications of Inorganic Nanomaterials as Water Splitting Electrocatalysts (OER and 

HER) 

There are two half-cell reactions involved in the electrochemical water splitting reaction 

(WSR). The hydrogen evolution reaction (HER) which occurs at the cathode of the 

electrochemical cell (Eq. 2) and the oxygen evolution occurs at the anode of the electrochemical 

cell (Eq. 3). Each half cell reaction has a standard reduction potential (E°
cell) which represents the 

thermodynamic barrier of each half cell reaction. The E°
cell for HER (cathode) is 0 V, vs the 

standard hydrogen electrode (SHE) and 1.23 V for OER (anode). Using Eq. 4 the E°
cell for the total 

WSR becomes −1.23 V. When the standard reduction potential for the WSR is substituted into the 

Gibb’s free energy equation (Eq. 5) a positive value for ΔG is obtained confirming that the WSR 

is an endergonic reaction and requires −1.23 V to drive the reaction forward. In this work we report 

all potentials against the reversible hydrogen electrode (RHE), to reflect the non-standard 

conditions of electrochemical measurements (see Eq. 10 and 11).  

(Eq. 2)  2 H2O (l) + 4 e−  4 OH− (aq) + 2 H2 (g)  E1/2 cell = − 0.828 V vs SHE 

(Eq. 3)  2 H2O (l) + 4 e− + O2 (g)  4 OH− (aq)  E1/2 cell = 0.401 V vs SHE 
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(Eq. 4)   Ecell = Ecathode – Eanode =  − 0.828 − 0.401 = −1.229 V 

(Eq. 5)  ΔG = − nFEcell = − (4)(86,485 C/mol)( − 1.229 V) = 474 kJ/mol 

1.6.1. Rational Design of Electrocatalysts for Water Splitting. Currently, alkaline water 

electrolyzers use RuO2 or IrO2 and Pt as catalysts for the WSR due to their high OER and HER 

activities, respectively. Although they have high intrinsic activity under both alkaline and acidic 

conditions, these materials are limited by production costs as well as electrochemical instability. 

The current cost of Pt, Ir, and Ru metals $32/g, $154/g, and $14/g respectively. However, first row 

transition metals like Ni, Co, and Fe cost several orders of magnitude less at $0.02/g, $0.03/g, and 

$0.0001/g, respectively. Therefore, focusing on designing materials using earth abundant with ease 

of availability and cost is crucial for next generation catalysts. The motivation for this research is 

to create electrocatalysts for use in water electrolysis by driving the cost of catalyst synthesis down 

without compromising on performance. Not only is the goal to produce materials that perform 

comparably to the state-of-the-art, but also to make materials that compensate for the limitations 

of the state-of-the-art. Despite its high electrocatalytic performance for OER, RuO2 is 

electrochemically unstable under the oxidative conditions at the anodic surface. RuO2 readily 

oxidizes to RuO4 under OER conditions which is problematic because RuO4 has a higher 

dissolution rate than RuO2 leading to a vast decrease in performance over time. Danilovic and 

coworkers found that the rate of dissolution of metal oxides from the surface of the electrode 

correlates to higher oxidation states. They established an inverse relationship of activity and 

stability for OER and correlated it to the “nobleness” of the material.17 For example, the more 

noble a metal oxide is the more stable but less active it is for OER. Morphological factors were 

also considered, and they elucidated a correlation between stability and crystallinity; the less 

crystalline the metal oxide the less stable but more reactive in OER due to increased defect density. 
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Likewise, there is a correlation between defect density and activity. The higher the defect density, 

the higher the activity but the lower the stability.17 Therefore, the trend for reactivity in OER for 

heterogenous catalysts from most reactive to least reactive should be metal > metal X-ide (MX-

ide, X- carbide, phosphide, nitride, hydroxide)) > metal oxide. Transition metal carbides pose to 

be a great alternative to pure metal or metal oxide catalysts because they are resistant to dissolution 

under highly oxidative environments − like at the anode of a water electrolyzer. Metal carbides 

have carbon incorporated into the crystal lattice, which serves as a protective coating for metal 

centers against oxidation. Pure metal and metal oxide counterparts will either transform into an 

oxide material (partially or completely), or the metal will increase in oxidation state and 

consequently dissolve off the electrode surface over time.18–21 

1.6.2. The Fe Effect. The “Fe effect”: A synergistic effect of Fe concentration in metal X-

ide materials on enhanced OER/HER performance has been frequently observed in the literature, 

where increased activity is reported upon Fe incorporation- even in trace amounts.22–25 There are 

several hypotheses in the literature speculating the cause of the Fe effect; 1) Fe incorporation at 

the surface of a catalyst enhances conductivity so the rate of water splitting increases, 2) Addition 

of Fe in MX-ides changes metal-oxygen bond length/strength causing a shift to higher oxidation 

states which induces a better catalytic center, 3) The Fe impurity itself is the active site for 

OER.24,26–28 By recognition of this phenomena, there should be an optimum ratio of metals intrinsic 

to every MX-ide for the optimum performance in OER and HER which motivates the study of 

these material types. 

1.6.3. In-Situ Electrochemical Material Transformation in MX-ide Materials. There 

are several methods known in literature to enhance electrocatalytic activity including defect 

engineering, doping, supports, size, and morphology. Recently, the electrocatalysis field has been 
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focusing research efforts on understanding the chemistry of the electrocatalyst’s surface for 

reactions like OER. MX-ides are an interesting class of materials to research as they all behave 

differently under alkaline OER conditions. A commonality in MX-ide literature is the tendency 

for these materials to transform under OER conditions. Sulfides typically undergo complete 

oxidation to oxyhydroxide/oxide when a potential is applied. Phosphides are unstable in alkaline 

solutions and start oxidizing before a potential is applied. They also have the propensity to form a 

metal phosphide core and metal oxide shell MxPy/MxOy structure and once a potential is applied 

the phosphide is typically transformed completely into oxyhydroxide/oxide. Metal nitrides (MxNy) 

and carbides (MxCy) are typically more resistant to corrosion due to their noble metal-like 

electronic structure (high electron density close to the Fermi level) and are therefore more stable 

under OER conditions. In literature, MxCy tend to outperform MxNy in OER because MxCy only 

partially oxidizes when a potential is applied whereas MxNy tend to form MxOy.29,30 Although 

oxides are the current standard OER electrocatalysts, MX-ides perform better by comparison 

because of their intrinsically higher conductivity/charge transfer efficiency, higher surface area as 

in-situ transformations typically induce formation of amorphous structures, increased defects 

which allows for metal sites to reach higher valency to maintain lattice neutrality, and oxyanion 

formation that can mediate the ΔG of OER intermediate adsorption.29–31 By modulating the 

composition and crystal phase of these materials, especially MxCy, water splitting enhancement is 

realistically attainable. 

1.7. Inorganic Nanomaterial Characterization Methods 

1.7.1. Imaging 

 In the realm of material science and nanotechnology, electron microscopy stands as an 

indispensable tool for the characterization of materials at the micro- and nano-scale. Among the 
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diverse array of electron microscopy techniques, Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM) are widely utilized for their exceptional imaging 

capabilities and versatility in sample characterization. 

 1.7.1.1. Scanning Electron Microscopy (SEM). SEM employs a focused beam of 

electrons to scan the surface of a sample, generating high-resolution images of its topography and 

composition. The key components include an electron gun, condenser lenses, scanning coils, 

specimen chamber, and a detector system for signal collection. Upon energizing the electron gun, 

electrons are accelerated towards the sample through a series of electromagnetic lenses, forming a 

fine electron beam. The scanning coils steer the beam across the specimen surface in a raster 

pattern, while detectors capture various signals emitted from the sample, such as secondary 

electrons, backscattered electrons, and characteristic X-rays. SEM operates on the principles of 

electron-matter interactions, where the incident electron beam interacts with atoms near the sample 

surface, leading to the emission of secondary electrons and backscattered electrons. The intensity 

and distribution of these emitted electrons provide valuable information about the sample's 

topography, composition, and crystal structure. SEM is suitable for imaging a wide range of 

samples, including metals, ceramics, polymers, biological specimens, and nanomaterials. It 

enables detailed examination of surface morphology, particle size distribution, fracture surfaces, 

and elemental composition with resolutions ranging from nanometers to micrometers. In this work, 

SEM is utilized for the characterization of morphology (shape), particle size, and size dispersity 

in Prussian Blue Analogue (PBA) precursors and PBA-derived materials. 

 1.7.1.2. Transmission Electron Microscopy (TEM). TEM operates on a fundamentally 

different principle than SEM, where a beam of electrons transmitted through an ultra-thin sample 

generates high-resolution images of its internal structure. The key components comprise an 
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electron gun, condenser lenses, objective lens, specimen holder, and detectors for image formation. 

In TEM, electrons emitted from the electron gun are focused into a parallel beam by condenser 

lenses and directed towards the sample. As the electrons pass through the specimen, they interact 

with its atoms, undergoing scattering and diffraction processes. The objective lens forms a 

magnified image of the transmitted electrons onto a fluorescent screen or detector, producing a 

detailed representation of the sample's internal structure. TEM relies on the principles of wave-

particle duality, diffraction, and interference of electrons passing through a thin specimen. The 

interaction of electrons with the sample's atomic arrangement results in the formation of a 

diffraction pattern, which contains information about the crystal lattice, defects, and phase 

composition of the material. TEM is well-suited for the analysis of thin samples, such as 

nanoparticles, thin films, biological tissues, and crystalline materials. It enables the visualization 

of atomic-scale features, including lattice fringes, dislocations, grain boundaries, and defects, 

providing invaluable insights into the structure-property relationships of diverse materials. In this 

work, TEM is used for the characterization of lattice planes (fringes), morphology (shape), particle 

size, and size dispersity PBA-derived materials. 

1.7.2. X-ray Techniques 

X-ray spectroscopy and diffraction techniques are critical in the characterization of 

nanomaterials, offering valuable insights into their elemental composition, crystal structure, and 

surface chemistry.  

 1.7.2.1. Energy Dispersive X-Ray Spectroscopy (EDS). Energy Dispersive X-ray 

Spectroscopy is a complementary technique often integrated with Scanning Electron Microscopy 

(SEM) and Transmission Electron Microscopy (TEM) for elemental analysis of materials. By 

detecting characteristic X-rays emitted from the sample upon interaction with the electron beam, 
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EDS provides valuable information about the chemical composition and elemental distribution 

within the specimen. In SEM and TEM systems equipped with EDS capabilities, an X-ray detector 

is positioned adjacent to the sample chamber. The detector consists of a semiconductor crystal, 

such as silicon or germanium, which generates electrical signals proportional to the energy of 

incoming X-rays. These signals are processed by a multichannel analyzer (MCA) to generate a 

spectrum representing the intensity of X-rays emitted at different energies. During SEM or TEM 

imaging, the electron beam interacts with the sample, causing excitation of inner-shell electrons 

within the atoms. Subsequently, these excited electrons transition to lower energy states, emitting 

characteristic X-rays with discrete energies specific to each element present in the sample. The 

EDS detector collects these X-rays, and the MCA analyzes their energy spectra to identify the 

elements and quantify their concentrations. Each element emits X-rays at unique characteristic 

energies corresponding to transitions between specific electron energy levels. By measuring the 

energy and intensity of these X-rays, EDS enables identification and quantification of elements 

present in the sample, typically ranging from atomic number 9 (Fluorine) upwards. EDS can be 

used on a wide range of materials, including metals, minerals, ceramics, polymers, 

semiconductors, and biological specimens. Typically, EDS is used to identify trace elements, 

analyze chemical compositions, and map elemental distributions within the sample. EDS is used 

in this work to verify chemical compositions of PBA precursors and PBA-derived nanomaterials.  

 1.7.2.2. X-ray Fluorescence Spectroscopy (XRF). X-ray Fluorescence Spectroscopy is a 

non-destructive analytical technique used for elemental analysis of materials. When irradiated with 

high-energy X-rays, atoms in a sample are excited to a higher energy state, causing inner-shell 

electrons to be ejected. Subsequently, outer-shell electrons transition to fill the vacancies, emitting 

characteristic fluorescent X-rays whose energy levels are indicative of the elemental composition 
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of the sample. The energy of the emitted X-rays corresponds to the energy differences between 

electronic energy levels, enabling element specific identification and quantification of the sample. 

Detectors collect these emitted X-rays, and the resulting spectra are analyzed to determine the 

elemental composition and concentration of elements present in the sample. XRF instruments 

typically consist of an X-ray source, sample chamber, detectors, and data acquisition system. The 

X-ray source emits high-energy X-rays, which irradiate the sample. Detectors measure the energy 

and intensity of emitted fluorescent X-rays, which are then processed to generate elemental 

spectra. XRF provides quantitative elemental analysis of solid, liquid, and powdered samples 

across a wide range of elements, Fluorine being the smallest detectable element. It can determine 

the concentrations of major, minor, and trace elements present in the sample, making it invaluable 

for applications in geology, environmental science, archaeology, and materials characterization. 

In this work, XRF is used to quantify the elemental composition in Prussian Blue Analogue (PBA) 

precursors and PBA-derived materials.  

 1.7.2.3. Powder X-ray Diffraction (pXRD). Powder X-ray Diffraction is a technique used 

to analyze the crystallographic structure of crystalline or polycrystalline materials. When irradiated 

with X-rays, atoms in the crystal lattice scatter the incident radiation, producing a diffraction 

pattern of constructive and destructive interference. pXRD operates on the principles of Bragg's 

law (Eq.6) and diffraction of X-rays by crystals. According to Bragg's law, constructive 

interference occurs when the path difference between scattered waves from adjacent crystal planes 

is equal to an integer multiple of the X-ray wavelength, leading to peak intensities at specific 

diffraction angles. By measuring the angles and intensities of diffracted X-rays, the crystal 

structure and phase composition of the sample can be determined. pXRD instruments include an 

X-ray source, sample holder, goniometer, and detector. The X-ray source emits monochromatic 
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X-rays, which are directed onto the sample. The goniometer rotates the sample to different angles, 

while the detector measures the intensity of diffracted X-rays as a function of scattering angle. 

pXRD provides detailed information about the crystal structure, lattice parameters, and phase 

composition of crystalline and polycrystalline materials. It enables identification of crystal phases, 

determination of crystal symmetry, and quantitative analysis of relative phase abundance in a 

material or nanomaterial. pXRD is used in this work to characterize the structure of pure phase 

(crystalline) and mixed phase (polycrystalline) meso and nanomaterials. 

(Eq. 6)   n λ = 2 d sin (θ) 

 1.7.2.4. X-Ray Photoelectron Spectroscopy (XPS). X-ray Photoelectron Spectroscopy is 

a surface-sensitive technique used for elemental and chemical analysis of solid surfaces. XPS 

provides quantitative elemental analysis, chemical state analysis, and surface characterization of 

materials with high sensitivity and spatial resolution with a penetration depth of approximately 10 

nm. It can identify elements present on the sample surface, determine their chemical bonding states 

(like oxidation state and coordination environment), and detect surface contaminants or functional 

groups. Similar to XRF, when atoms are irradiated with X-rays of sufficient energy, electrons in 

the sample are ejected from the inner-shell orbitals, resulting in the emission of photoelectrons 

instead of a characteristic x-ray. The kinetic energy and intensity of emitted photoelectrons provide 

information about the elemental composition and chemical bonding states of the sample. XPS 

operates by the “photoelectric effect” where X-ray photons transfer energy to inner-shell electrons, 

ejecting them from the sample surface. The binding energy of emitted photoelectrons is 

characteristic of the element and chemical environment, allowing for not only element specific but 

also chemical state analysis. XPS instruments typically consist of an X-ray source, sample 

chamber, electron analyzer, and detector. The X-ray source emits monochromatic X-rays onto the 
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sample, while the electron detector measures the energy and intensity of emitted photoelectrons. 

The information is collected and processed into a photoelectron spectrum, which is then analyzed 

to determine the elemental and chemical composition of the sample surface. XPS is widely applied 

in materials science, surface chemistry, catalysis, and semiconductor research for studying surface 

phenomena and interfaces. XPS is used in this work to determine surface chemistry in FeCo and 

FeNi nanocarbides. 

1.7.3. Thermal Analysis 

 1.7.3.1. Simultaneous Differential Thermal Analysis (SDT). Simultaneous Differential 

Thermal Analysis is a technique used in materials science that offers insights into the thermal 

properties and behaviors of diverse materials such as thermal stability, phase transitions, and 

reaction kinetics. SDT combines the techniques of differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) within a single instrument. The simultaneous measurement of 

heat flow (DSC) and mass change (TGA) enables a comprehensive characterization of materials 

under controlled thermal conditions. DSC operates on the principle of comparing the heat flow to 

a reference material, typically an empty pan or an inert substance, as the sample and reference are 

subjected to identical thermal conditions. Temperature differentials between the sample and 

reference pans manifest as characteristic peaks in the heat flow curve, elucidating thermal events 

such as melting, crystallization, and chemical reactions. Conversely, TGA relies on monitoring the 

sample's mass as a function of temperature or time, revealing changes attributable to 

decomposition, volatilization, or oxidation processes. In an SDT experiment, the sample is 

subjected to a programmed temperature ramp while simultaneously measuring the heat flow and 

mass changes. The DSC component detects endothermic and exothermic events, providing insights 

into phase transitions, reactions, and heat capacities. Meanwhile, the TGA component monitors 
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changes in sample mass due to decomposition, desorption, or other thermal processes. By 

synchronizing these measurements, SDT offers a holistic understanding of material behavior under 

varying thermal stimuli. SDT can be performed on a wide array of sample types, including 

polymers, pharmaceuticals, ceramics, metals, and composites. In this work, SDT is used to identify 

phase transitions in PBA-derived nanocarbide materials, investigate thermal stability of PBA and 

PBA-derived materials, and gain insight into reaction kinetics of the PBA-decomposition 

mechanism as it pertains to compositional changes.  

 

1.7.4. Electrochemical Analysis 

Electrochemical techniques play a pivotal role in elucidating the redox behavior, 

electroactive species, and kinetic parameters of materials, thereby facilitating advancements in 

fields such as energy storage, corrosion science, and electrocatalysis. 

 1.7.4.1. Linear Sweep Voltammetry (LSV). LSV typically employs a three-electrode 

configuration comprising a working electrode (WE), reference electrode (RE), and counter 

electrode (CE) for larger currents. A potentiostat controls the applied potential between the WE 

and RE while measuring the resulting current response. The potential is scanned linearly between 

specified limits at a controlled scan rate. The resulting current response provides information about 

redox reactions, electron transfer kinetics, and electrochemical mechanisms. LSV is based on the 

principles of electrochemical kinetics and mass transport, wherein the current response is governed 

by Faraday's law of electrolysis, Ohm's law, and Fick's laws of diffusion. The observed current-

potential profiles reveal information about electrode processes, reaction mechanisms, and 

electroactive species concentrations. In this work, LSV is used to test PBA-derived nanomaterial 

performance as potential OER and HER electrocatalysts. 
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1.7.4.2. Cyclic Voltammetry (CV). CV setups share similarities with LSV but involve 

cyclic potential sweeps between defined limits. The cyclic nature enables the investigation of 

reversible and irreversible redox processes. The potential is scanned cyclically between specified 

limits at a controlled scan rate. The resulting current response provides information about redox 

reactions, electron transfer kinetics, and electrochemical mechanisms. CV is also based on the 

principles of electrochemical kinetics and mass transport, wherein the current response is governed 

by Faraday's law of electrolysis, Ohm's law, and Fick's laws of diffusion. Similar to LSV, CV 

current-potential graphs reveal information about electrode processes, reaction mechanisms, and 

electroactive species concentrations. CV is used in this work to test the stability of PBA-derived 

nanomaterials for the OER, HER, and to measure the double layer capacitance for electrocatalyst 

electrochemical surface areas. 

1.7.4.3. Tafel Analysis. Tafel analysis is a method to analyze the kinetics of an 

electrochemical rection. Linear regions of LSV or CV data (potential vs current) is replotted as 

overpotential and log of current density to produce the Tafel plot. A Tafel plot allows the 

determination of kinetic parameters such as exchange current density and Tafel slopes, providing 

insight into reaction mechanisms and electrocatalytic activity. Tafel analysis is based on the Tafel 

equation, which describes the relationship between the overpotential and the logarithm of the 

current density. Tafel analysis is used in this work to compare PBA-derived electrocatalysts 

catalyst efficiency.  

1.7.4.4. Chronopotentiometry (CP). In chronopotentiometry, a constant current is applied 

to the electrochemical cell, and the resulting potential changes over time are monitored. The setup 

resembles LSV and CV configurations but operates under galvanostatic conditions. This technique 

enables the study of electrode kinetics, charge transfer processes, and diffusion-limited reactions. 
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Chronopotentiometry relies on the relationship between applied current, electrode potential, and 

time, as dictated by the Butler-Volmer equation and Nernst diffusion layer theory. By analyzing 

the potential-time curves, one can extract information about charge transfer kinetics, diffusion 

coefficients, and electrochemical reaction rates. Chronopotentiometry is used in this work as 

another method of evaluating electrochemical stability under OER and HER conditions. 
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CHAPTER 2 

 
TUNING THE BIMETALLIC RATIO IN PRUSSIAN BLUE ANALOGUE 

(PBA) DERIVED FECO NANOCARBIDES FOR THE OXYGEN 
EVOLUTION REACTION (OER) 

 
Reprinted with permission from Ritz, A.J.; Bertini, I.A.; Nguyen, E.T.; Strouse, G.F.; Lazenby, 
R.A. Electrocatalytic activity and surface oxide reconstruction of bimetallic iron-cobalt 
nanocarbide electrocatalysts for the oxygen evolution reaction. RSC Adv., 2023,13, 33413-33423. 
DOI: 10.1039/D3RA07003D. Copyright 2023 Royal Chemistry Society.  
 

2.1 Introduction 
 

For renewable energy technology to become ubiquitous, it is imperative to develop 

efficient oxygen evolution reaction (OER) electrocatalysts, which is challenging due to the 

kinetically and thermodynamically unfavorable OER mechanism. Transition metal carbides 

(TMCs) have recently been investigated as desirable OER pre-catalysts, but the ability to tune 

electrocatalytic performance of bimetallic catalysts and understand their transformation under 

electrochemical oxidation requires further study. In an effort to understand the tunable TMC 

material properties for enhancing electrocatalytic activity, we synthesized bimetallic FeCo 

nanocarbides with a complex mixture of FeCo carbide crystal phases. The synthesized FeCo 

nanocarbides were tuned by percent proportion Fe (i.e. % Fe), and analysis revealed a non-linear 

dependence of OER electrocatalytic activity on % Fe, with a minimum overpotential of 0.42 V 

(15-20% Fe) in alkaline conditions. In an effort to understand the effects of Fe composition on 

electrocatalytic performance of FeCo nanocarbides, we assessed the structural phase and electronic 

state of the carbides. Although we did not identify a single activity descriptor for tuning activity 

for FeCo nanocarbides, we found that surface reconstruction of the carbide surface to oxide during 

water oxidation plays a pivotal role in defining electrocatalytic activity over time. We observed 

https://doi.org/10.1039/d3ra07003d
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that a rapid increase of the (FexCo1-x)2O4 phase on the carbide surface correlated with lower 

electrocatalytic activity (i.e. higher overpotential). We have demonstrated that the electrochemical 

performance of carbides under harsh alkaline conditions has the potential to be fine-tuned via Fe 

incorporation and with control, or suppression, of the growth of the oxide phase. 

Electrochemical water splitting offers a promising route for sourcing green hydrogen, a 

renewable energy alternative to fossil fuels.32 However, the anodic four-electron oxygen evolution 

reaction (OER) mechanism is kinetically sluggish and thermodynamically unfavorable under 

alkaline conditions. Despite tremendous efforts in the search for new catalysts to utilize in 

electrochemical water splitting systems33,34 costly ruthenium and iridium oxide (RuO2 and IrO2) 

electrocatalysts persist as the only viable options for industrial implementation.35–38 Therefore, the 

development of alternative highly efficient, earth-abundant and low cost electrocatalysts for the 

OER remains crucial. 

Nanoparticle electrocatalysts have attracted considerable interest for the replacement of 

bulk noble metal oxide catalysts due to their increased surface area to volume ratio, exposure of 

more active sites to reduce the amount of material needed to undergo reactions like the OER,39–41 

and offering a high degree of physical and chemical property tunability for the modulation of 

catalytic performance.41,42 In particular, earth-abundant transition metal (TM)-based nanocatalysts 

have been reported to have comparable electrochemical performance to noble metal-based 

catalysts.40 Recent studies have investigated transition metal carbides (TMCs) as low-cost 

alternative electrocatalysts for the hydrogen evolution reaction (HER) in acidic conditions,43,44 

however, few reports have discussed their use for catalyzing the OER in alkaline conditions.45,46 

TMCs possess high electrical conductivity, high chemical stability, and are resistant to corrosion 

at both the bulk and surface levels, all properties that are advantageous for water splitting 
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electrocatalysts.47,48 While TMCs often do not have competitive OER activity and kinetics in 

comparison to high-performance TM-based oxides and layered double hydroxide (LDH) 

materials,49,50 carbon materials often have more potential for scalable, low-cost fabrication 

processes and high thermal stability and remarkable conductivity for potential use in water 

electrolysis applications.44,51 Therefore, developing an in-depth understanding of these materials 

can aid in rational design of TMC materials with high OER electrocatalytic efficiency. 

We recently investigated the electrocatalytic OER performance of monometallic TM-

nanocarbides, finding that Co > Ni > Fe for both electrocatalytic activity and stability with Co 

being our best performer, while the oxide thickness layer for post-catalytic OER nanocarbides 

decreased in the order Fe > Co > Ni52. There have been efforts towards designing enhanced 

electronic properties of TMCs for OER catalysis45,53. In particular, the incorporation of Fe with 

another metal in a bimetallic system for improved electrocatalytic activity has been widely studied, 

and these materials often outperform monometallic catalysts as a result of synergistic effects due 

to various structure and composition-dependent enhancement in active sites.53,54 In particular, 

studies claim that mixed crystalline phases and increased disorder that often result from multi-

metal incorporation have been shown to modify local electronic structures, leading to enhancement 

in activity towards the OER.55–57 These synergistic effects are not well understood for bimetallic 

carbide systems and could be potential activity predictors for designing future bimetallic carbide 

catalysts.  

Non-oxide-based catalysts are often known for undergoing surface termination changes via 

in-situ electrochemical oxidation, to produce thin oxide/hydroxide surface layers that are known 

for enhancing electrocatalytic activity46,58–61. However, our previous study on monometallic TMCs 

revealed that the thickest oxide layer formed on the Fe carbide (as compared to Co and Ni), but 
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this material exhibited the lowest electrocatalytic activity and poor stability52. We are therefore 

motivated to understand how to tune electrocatalytic activity in bimetallic FeCo carbides, given 

that we previously observed that the monometallic Co carbide was the highest performing 

electrocatalyst, and to explore the phenomenon of oxide layer transformation on carbide surfaces. 

In this study, FexCo1-xCy nanocarbides were synthesized from a single-source Prussian blue 

analogue (PBA) precursor, using a previously established method, which offers a potential route 

to economical bimetallic carbides for use as industrial OER electrocatalysts. The percent 

proportion of Fe (to Fe and Co) was changed, herein referred to as % Fe (i.e. x × 100%), for a 

series of bimetallic FexCo1-xCy nanoparticles, which resulted in various crystal phases across the 

entire composition range. These bimetallic carbides, and the monometallic Fe and Co carbides, 

were analyzed to reveal that optimal OER electrocatalytic activity was achieved for the samples 

that were synthesized to contain 15 – 20% Fe with a geometric normalized overpotential of 0.4 V. 

Our results suggest that Fe content is not the sole contributor for tunability of electrocatalytic 

activity, rather it works in synergy with resulting structural and oxide surface layer composition 

changes of the FexCo1-xCy nanocarbides.  

2.2 Experimental Methods 

All commercially available reagents were used without further purification. Precursors for 

FeCo PBAs were K3Co(CN)6 and K3Fe(CN)6 (Sigma Aldrich, > 99%), KCl (Sigma Aldrich, 98%), 

CoCl2·6H2O (Thermo Fisher, > 99%), and FeCl2·4H2O (Thermo Fisher, > 99%). Solvents used 

for synthesis were ultrapure water (18.2 Ω cm-1 at 25.0 °C, Thermo Scientific Barnstead E-Pure 

ultrapure water purification system), octadecylamine (ODA) (Thermo Fisher, 90%), acetone 

(VWR, ACS Grade) and toluene (VWR, ACS Grade). 
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  2.2.1. General Synthesis of Ratio Controlled Bimetallic FeCo PBA. Two precursor 

solutions were prepared, and upon combination a precipitation reaction occurred to form the PBA. 

Briefly, x mmol K3Fe(CN)6 and 1 - x mmol K3Co(CN)6 (where x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1), 

and 5 mmol of KCl in 100 mL of ultrapure water, comprised solution 1. Solution 2 comprised 1 

mmol of either FeCl2 (to make PBAs of > 50% Fe) or CoCl2 (to make PBAs of < 50% Fe) in 200 

mL of ultrapure water. Solution 2 was added dropwise to solution 1 at a rate of 5 mL min-1 and 

vigorously stirred. The subsequent reaction solutions were left for 18 hrs while stirring to grow the 

PBAs. The PBAs were collected via centrifugation, washed with 300 mL of ultrapure water and 

dried on the benchtop at room temperature. The PBA precursors were characterized using SEM, 

pXRD, and XRF. 

 2.2.2. Thermal Decomposition of PBAs into FeCo Nanocarbides. Synthesis of FeCo 

Nanocarbides. 200 mg of solid PBA and 40 mL of ODA were heated to 330 °C, under inert 

atmosphere for 24 hrs. After 24 hrs, the reaction was quenched using toluene and the resultant 

nanocarbide was collected via magnetic separation. The nanoparticles were washed with toluene 

(3×), acetone (1×), ultrapure water (3×), and again with acetone (1×), then dried in an oven at 100 

°C for 15 minutes. The nanoparticles were structurally characterized using pXRD (Rigaku 

Miniflex benchtop powder diffractometer, Cu Kα. Elemental composition was confirmed using 

XRF spectroscopy (Panalytical Epsilon X-ray florescence analyzer). Morphology and size 

analyses were executed using transmission electron microscopy (TEM, FEI CM300 FEG). 

 2.2.3. Thermal Decomposition of PBAs into FeCo Nano-oxides. Synthesis of FeCo 

Oxides. 200 mg of solid PBA was loaded into an aluminum boat and placed into a Lindberg tube 

furnace. The PBA was subsequently heated to 300 °C with a ramp rate of 60 °C min-1, for 30 

minutes. The resultant oxides were structurally characterized with pXRD.   
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 2.2.4. Materials Characterization. PXRD patterns of PBAs, PBA derived carbides and 

PBA derived oxides were collected at room temperature on a Rigaku Miniflex powder 

diffractometer (Cu Kα source, λ = 1.54 Å). The contributions of various crystalline phases were 

fitted and calculated as a percentage for each FexCo1-xCy. PXRD measurements on post-OER 

samples were performed on a Rigaku Synergy single crystal diffractometer running in powder 

diffraction mode (Mo Kα source, λ = 0.71 Å). The bimetallic ratios in both PBA and nanocarbide 

were confirmed using XRF on a Panalytical Epsilon XRF analyzer (Cu Kα source, Table 1). X-

ray photoelectron spectroscopy (XPS) was performed on as-synthesized powders deposited on 

carbon tape using a PHI 5100 X-ray photoelectron spectrometer (Mg Kα source) with a pass energy 

of 22.36 eV. The XPS spectra were fitted using CasaXPS software. Samples were Ar+-sputtered 

using a sputtering gun at 5 keV and 1 μA for 15 minutes to reveal underlying carbide features. All 

samples were calibrated to the aliphatic carbon assignment (C1s, 284.8 eV). Size and morphology 

of PBA precursors were investigated via SEM imaging (FEI Nova 400, 15 keV, Figure S1). Size, 

size dispersity, and morphology of the nanocarbides were estimated using ImageJ software 

(sample size = 100 particles) via TEM images, collected on a Tecnai Osiris TEM operating at 200 

kV.  

2.2.5. Electrode Preparation. A catalyst ink suspension was prepared using catalyst 

powder (1.3 mg, 2 mL total volume) in a solution mixture of 10% Nafion (5% (w/w) in water/1-

propanol, Beantown Chemical), 6% ethanol, and 84% deionized water. The mixture was then 

sonicated for 5 min, until a homogeneous black ink formed. Catalyst ink (31 µL) was drop casted 

onto the surface of a 5 mm diameter glassy carbon (GC) rotating disk electrode (RDE) (Pine 

Research Instrumentation) with a nanoparticle mass loading of 0.1 mg cm-2. The samples were 
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dried for 1 – 2 hrs in air at room temperature to achieve a uniform thin film (shown in the SEM 

image in Figure S7).  

2.2.6 Electrochemical Measurements. All electrochemical measurements were 

performed using a RDE setup equipped with an electrode rotator (WaveVortex 10, Pine Research 

Instrumentation) set to 1500 rpm, connected to a potentiostat (model CH 660E, CH instruments) 

within a compartmentalized electrochemical glass cell filled with approximately 250 mL of 1.0 M 

KOH. A three-electrode setup was used with a GC RDE as the working electrode, a Ag/AgCl 

reference electrode (1.0 M KCl internal filling solution), and a graphite rod counter electrode. 

The electrochemical surface area (ECSA) was determined for each sample using the double layer 

capacitance, Cdl, measured by cyclic voltammetry (CV), so that current densities could be 

estimated (example shown in SI Figure S8)42,43. The charging current, ic, is proportional to the 

potential scan rate, v, shown in Eq. 7. 

(Eq. 7)  ic = v Cdl 

By varying the scan rate (10, 20, 50 and 100 mV s-1), a plot of ic as a function of v will yield a 

straight line where Cdl is the gradient, using CVs recorded in a designated potential window of the 

nonfaradaic region of the CV, shown in example CV in Figure S8 as 0.81 to 1.01 V vs. reversible 

hydrogen electrode (RHE). ECSA was calculated using the determined value of Cdl using Eq. 8. 

(Eq. 8)  ECSA = Cdl / Cs 

where Cs is the specific capacitance of the material. We used a value for Cs of 45 µF cm-2 for the 

FexCo1-xCy samples, based on reported values in literature for TMs on GC electrodes in the range 

of 30 – 70 µF cm−2.62,63  

In 1.0 M KOH (pH = 13.8) electrolyte, the potentials against Ag/AgCl can be converted to 

potentials vs. the reversible hydrogen electrode (RHE) at 25˚C using Eq. 9. 
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(Eq. 9)  Evs. RHE = Evs.Ag/AgCl + 0.059 pH 

which was used to calculate the overpotential, η, using Eq. 10. 

(Eq. 10)  η = Evs. RHE – 1.23 V 

Additionally, a master reference electrode (not used in experiments) was compared against the 

Ag/AgCl reference electrode used experimentally and was observed to change no more than 5 mV 

to ensure a stable, well-defined electrochemical potential. 

Tafel slopes were calculated from the linear kinetic region of the Tafel plot, i.e. log (current 

density) vs. overpotential, at the early onset current in the LSV curves. Electrochemical stability 

measurements were performed for 200 repetitive CV cycles, with a potential range of 1.0 to 1.8 V 

vs. RHE, using a scan rate of 5 mV s-1. For the preparation of samples analyzed by pXRD post-

OER, nanomaterial was drop casted onto a GC wafer electrode (glassy carbon plate, 2 mm thick, 

Thermo Fisher) setup with an estimated mass loading of 0.8 mg cm−2.  

 

2.3 Results and Discussion 

2.3.1. Electrocatalytic Activity of FexCo1-xCy Exhibits Non-Linear Dependence on % 

Fe. Here, PBA derived FeCo nanocarbides were rationally designed using previously established 

synthetic conditions, and Fe and Co proportions were finely tuned for controlling OER activity. 

XRF was used to determine the elemental composition, and the ratio of Fe and Co was maintained 

from PBA precursor to carbide (Table 1). There was reasonable agreement between the measured 

Fe:Co ratio, and desired ratio based on synthesis, so all samples are referred to by the desired % 

Fe throughout this work. The electrocatalytic activity and stability of the nanocarbides towards the 

OER was evaluated in 1.0 M KOH, using a three-electrode set up and a mass loading of 0.1 mg 

cm-2. Electrocatalytic activities of the FeCo nanocarbides were evaluated by extracting the 
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 overpotential required to achieve a current density of 10 mA cm-2 from linear sweep 

voltammograms (LSVs). This value is the benchmarking standard for current density expected at 

the anode for an artificial photo-synthetic device yielding 10% efficiency at 1 sun illumination and 

serves as a useful comparison for our samples and literature.40,64 The electrochemically active 

surface areas (ECSAs) were determined from the electrochemical double layer capacitance of the 

drop casted surface, to materials have both crystalline and amorphous features confirmed by XPS 

in Figure 2.8, the latter of which tend to have enhanced ECSAs.  

Table 2.1. X-ray fluorescence (XRF) elemental composition for FeCo PBA precursors and 
FeCo carbides. Results show ratio of metals are maintained from precursor to resultant carbide. 
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Figure 2.1a shows representative LSVs of the nanocarbides, with their corresponding Tafel 

slopes in Figure 2.1b. FeCo nanocarbides containing 20% Fe exhibited lower overpotentials and 

steeper voltametric slopes than those below or above this % Fe (Figure 2.1a). Also, the more active 

OER carbide electrocatalysts, between 0 and 20% Fe, exhibited an exponential increase of current 

density as potential increased, which is to be expected based on the Butler-Volmer equation. 

However, the voltammetry in Figure 2.1a also shows that as % Fe increased above 20%, the rate 

of increase of current density was suppressed at the highest potentials and higher overpotentials 

allow for comparison of intrinsic activity between samples. This was necessary because the (lower 

activity) at 10 mA cm-2 were observed. It is important to mention that these catalysts have a low 

mass loading (0.1 mg cm-2) compared to significantly higher loadings used in other catalyst 

studies, and it is well known that an increase in catalyst loading can be utilized to enhance 

electrocatalytic reaction rates. The voltammetry for carbide catalysts with higher % Fe exhibiting 

more diffusion-controlled behavior could suggest that the accessibility of the catalyst towards the 

electrolyte solution is hindered for nanocarbide compositions with higher Fe content and could 

require higher mass loadings to overcome diffusion effects.65 Attempts to correct electrocatalytic 

voltammograms with mixed kinetic and mass transport control on a macroelectrode have been 

implemented using computational studies but are time-intensive to implement.66 To consider 

solution resistance factors, iR drop compensation was performed on CoC and FeCoC (15% Fe). 

We found that the overpotentials extracted at a current density of 10 mA cm-2 yielded an 

inappreciable shift in overpotential of ~13 mV when iR corrected. These voltammetric differences 

warranted Tafel analysis to gain insight into the kinetics of the electrocatalytic OER reaction, 

shown in Figure 2.1b. The linear region of the Tafel plot was fitted from the kinetically controlled 

region of the voltammogram to provide Tafel slopes of nanocarbides with varying % Fe. The 
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monometallic Co nanocarbide (i.e. 0% Fe) achieved an overpotential of 0.53 V (at 10 mA cm-2), 

and the 100% Fe carbide was unable achieve a current density of 10 mA cm-2 in this potential 

window. The best performing FeCo nanocarbide electrocatalysts, i.e. 15 – 20% Fe, yielded a lower, 

enhanced overpotential of 0.40 V (geometric corrected) and 0.42 V (ECSA corrected) compared 

to the monometallic Fe and Co carbides. For comparison, an industrial electrocatalyst RuO2 was 

tested under the same electrochemical conditions and mass loading, which gave an overpotential 

of 0.36 V at 10 mA cm-2, comparable to other RuO2 values shown in literature (0.38 V).39 Higher 

intrinsic activities are often predicted for catalysts with higher mass loadings. Electrocatalytic 

activity measurements were performed with higher mass loadings of 0.8 and 0.4 mg cm-2 using 

Figure 2.1. a)  Representative linear sweep voltammograms of FeCo nanocarbides in 1.0 M 
KOH, with a dashed line denoting the benchmarking standard current density of 10 mA cm-2. 
Note that RuO2 achieved an overpotential of 0.36 V at 10 mA cm-2 (per geometric surface area). 
b) The linear regions of the Tafel plots were fitted, using the kinetically-controlled region of 
the voltammetry from part a) to determine Tafel slopes, indicated by the dashed lines. Note that 
the Tafel slope obtained for RuO2 was 85 mV dec-1.These fitted slopes are shown as dashed 
lines in Figure 2.1.b, which do not fit the portions of the voltammograms in which diffusion 
effects become significant. We can assume based on the lower Tafel slopes shown for 
nanocarbides with 45 and 75% Fe (90-127 mV dec-1) in Figure 2.1b that these are poor 
performing catalysts as compared to nanocarbides with 20% Fe, without additional analysis. 
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one of our best performing FeCo nanocarbides with 15% Fe. Samples prepared with higher mass 

loadings resulted in a higher rate of OER current and slightly lower overpotentials, with the lowest 

geometric overpotential achieved with a mass loading of 0.8 mg cm-2 (0.38 ± 0.01 V) and current 

densities of ~105 mA cm-2. Mechanical instabilities such as the thin nanomaterial film peeling 

from the surface and sample flaking off the electrode surface occurred in long-term 

electrochemical stability interrogation of samples with higher mass loading (>0.8 mg cm-2), which 

motivated us to choose a lower mass loading of 0.1 mg cm-2 for this study. The overpotentials at 

10 mA cm-2 were extracted from each voltammogram and are plotted against the % Fe in Figure  

2.2a. A U-shaped curve (polynomial fit to guide the reader) is observed with a minimum 

overpotential between 15 – 20% Fe. In Figure 2.2b, the corresponding Tafel slopes showed a 

similar U-shaped curve, with a favorable minimum Tafel slope observed between 20 – 25% Fe. 

Tafel plots allow for the kinetic region of a voltammogram to be analyzed, although unlike for the 

HER, the value of the Tafel slope cannot be used for directly predicting the mechanism of the 

OER, given the multi-electron reaction and many possible intermediates.67–69 When the reaction 

rate is limited by the charge transfer reaction, Tafel slopes of 120 mV dec-1, 90 mV dec-1, 60 mV 

dec-1, and 30 mV dec-1 can be correlated to 1, 2, 3, and 4 electron transfer processes,70 respectively, 

under alkaline conditions. Comparison of Tafel slopes, albeit without full interpretation, is useful 

to compare the relative kinetics of the various samples. The most favorable kinetics for the OER 

were observed at 20 – 25% Fe, with a Tafel slope of 79 mV dec-1, comparable to a Tafel slope of 

85 mV dec-1 for RuO2 and suggesting a 2 electron-transfer rate determining step. FeCo 

nanocarbides with lower Fe content, i.e. 0 – 15% Fe, have Tafel slopes ranging from approximately 

115 to 104 mV dec-1, respectively, suggesting that the 0% Fe sample is closest to the 1 electron-

transfer rate determining step. Similarly, 75% Fe has a high Tafel slope of 127 mV dec-1 that 
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Figure 2.2. a) Overpotentials (n = 3) required to achieve 10 mA cm-2 (per ECSA) for FexCo1-
xCy of varying % Fe, in 1.0 M KOH. b) Tafel slopes for FexCo1-xCy of varying % Fe. 
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corresponds to a 1 electron-transfer rate determining step, suggesting that <15% Fe and >75% Fe 

both have less favorable electron transfer kinetics.  

The results from the FeCo nanocarbide system reveal optimal geometric and ECSA 

normalized overpotentials (for 15 – 20% Fe) of 0.40 V and 0.42 V, respectively, which are 

competitive to a geometric-normalized overpotential of a Co2C OER pre-catalyst reported by 

Mullins and coworkers of 0.46 V.46 When comparing electrocatalysts in literature, it is important 

to note that there are various methods by which the materials are attached to a substrate electrode. 

Electrode modification methods other than drop casting, such as electrodeposition and sputtering, 

will result in different film thicknesses and catalytic loading, which can influence the measured 

overpotentials. While our study is not motivated in simply lowering this benchmarking 

overpotential and is more concerned with understanding which (and how) material properties 

dictate the overpotential for carbides, it is nonetheless important to consider where the carbides lie 

in relation to the state-of-the-art and other competitive catalysts. Our best FeCo nanocarbide (for 

15% Fe) had an overpotential of 0.38 V (j= 10 mA cm-2) at a mass loading of 0.8 mg cm-2, which 

is competitive to a geometric-normalized overpotential of a Co2C OER pre-catalyst reported by 

Mullins and coworkers of 0.46 V.71 Other examples in literature such as FeCo phosphide has an 

overpotential of 0.37 V (for 50% Fe),72 and FeCo(OOH) has an overpotential of 0.35 V (60% 

Fe),73 which are comparable to our system. The lowest overpotentials in the field have been 

demonstrated for FeCo-layered double hydroxide (LDH) nanosheets, with an overpotential of 0.28 

V,74 and FeCo- oxyhydroxide (OOH) nanosheet, with an overpotential of 0.21 V.75 

Fe’s role in regulating OER activity for multimetallic systems has been suggested to result 

from: the favorable binding energies of intermediate species in the OER inducing stabilization of 

the crystal lattice,76 Fe3+ acts as the catalytic active site in both FeCo and FeNi materials,55,73 Fe 
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has increased conductivity over other TMs,73 and the regulation of charge transfer energies in a 

mixture of Co4+ and Fe4+ ions.74 In this work, we attempted to identify the source of electrocatalytic 

enhancement that occurs when combining Fe and Co in the bimetallic carbide catalysts, exploring 

the role of key activity descriptors. In the following section, we have investigated the effects of 

tuning material composition and structure, such as crystal phase composition and surface chemical 

states, on regulating electrocatalytic activity.  

2.3.2. Effects of Material Composition and Structural Properties on OER 

Electrocatalytic Activity. Carbides are known to have amorphous and graphitic-type carbon that 

could influence phase,77 therefore impacting electrocatalytic activity as the carbide crystallinity 

and crystal structure is tuned.78 The preparation of pure-phase Fe carbide materials is notoriously 

difficult to achieve under mild synthesis conditions, often resulting in mixed phase materials.45,77,79  

Strain in materials can often be the result of substitutional doping and disorder.80–82 To investigate 

whether crystal phase composition of the nanocarbides plays a role in the electrochemical activity, 

pXRD phase analysis was used to reveal an evolution of crystal phases across the various 

percentages of Fe (Figure 2.4a,b). The simulated pXRD patterns of the four identified phases are 

shown in Figure 2.4a, which are overlaid on a contour plot of 2θ vs Fe percentage, in which the 

black intensity is normalized to most prominent peak in the pXRD pattern. Figure 2.4b represents 

approximate individual phase contributions, of the four unique phases identified in the FexCo1-xCy 

system, across the range of samples. However, identifying the amount of each phase present was  

deconvolute contributions of each phase towards the overall diffraction patterns, whole pattern 

fitting was executed using Rigaku SmartLab Studio II software (Figure 2.3). According to the fits, 

all samples are mixed phase, containing a minimum of two crystal phases. From 0 – 45% Fe, the 

carbides have approximately 60 – 85% M3C (ICSD: 43521, hexagonal) phase and 15 – 40% M2C 
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(COD: 1528415, orthorhombic) phase. From 55 – 65% Fe, the M5C2 persists as the major phase 

and decreases in abundance at 65% Fe, where the final phase M7C3 (ICSD: 76830) evolves in and 

a non-trivial task, due to diffraction pattern overlap and differences in diffraction intensity. To is 

mixed with M5C2, up to 100% Fe. There are key differences in electrocatalytic activity observed  

between different mixed-phase regions shown in Figures 2.1 and 2.2, such as 75% Fe (mixed 

M5C2/M7C3) and 0% Fe (mixed M2C/M3C), which exhibit an overpotential difference of 150 mV. 

Although phase may affect catalysis in conjunction with tuning Fe composition, this is not the only 

activity descriptor for the FeCo carbide catalysts. This is evidenced by nanocarbides between 0 – 

20% Fe which have similar phase compositions, but differing overpotentials (Figure 2.2b). 

Another factor considered for optimizing electrocatalytic activity was the size of the nanocrystal, 

however our results showed that the size of the carbide nanoparticles could not be correlated to 

electrocatalytic activity. In agreement with previous studies10,52 the resultant carbide size was 

proportional to the size of the mesocrystal precursor (SEM images shown in Figure 2.5). The size 

and morphology of the nanocarbide particles were analyzed using TEM analysis (Figure 2.4c-g). 

pXRD results for the entire ratio range of synthesized FeCo PBAs are shown in figure 2.6 and 

pXRD results for the entire range of synthesized FeCo nanocarbides are shown in figure 2.7. Figure 

2.6 shows a clear shift from the Co PBA structure to the Fe PBA structure as the amount of Fe is 

amount of Fe increases as well. The shift to lower 2θ is correlative to the size of PBA decreasing 

as the amount of Fe increases as well. Figure 2.7 shows a mixture of carbide phases present with 

a general trend of cobalt structure types to Fe structure type as the amount of Fe increases.  

However, due to the presence of significant amounts of amorphous carbon surrounding our 

nanocarbides, the images were only used to estimate particle size and shape.  The monometallic  
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Figure 2.3. Contribution of varying phased fitted to each FexCo1-xCy pXRD patter. Residuals 
are plotted below each fit.  
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Figure 2.4. a) 3D contour plot tracking the evolution of the major carbide phase as a function of % Fe, using pXRD patterns. The 
black intensity represents the XRD signal, I, normalized to the maximum signal, Imax, where the most intense peaks appear darkest. 
Phase references are broadened to reflect 10 nm materials and overlaid (in color) to highlight differences. The references shown are 
for M7C3 (dark blue, ICSD: 76830), M5C2 (light blue, ICSD: 423885), M3C (blue-green, ICSD: 43521) and M2C (green, COD: 
1528415). b) Proposed phase diagram of metastable bimetallic carbides, where relative phase contributions are plotted against % Fe. 
The error plot (top) represents the % error (±) in each fit. Fits for select samples are shown in SI Figure S4. TEM images of select 
FexCo1-xCy for c) 0% Fe, d) 15% Fe, e) 25% Fe, f) 75% Fe, and g) 100% Fe. Sizes of the nanocrystals increase, as the Fe content 
decreases, based on histogram size analysis (n = 50 – 100). 
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Figure 2.5. Scanning electron microscopy (SEM) images of FeCo Prussian blue analogue (PBA) precursors with increasing % 
Fe. Sizes range from < 20 nm – 150 nm.  
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Figure 2.6. Powder X-ray diffraction patterns of FeCo PBA precursors. A transition from the 
KCoCo(CN)6 · x H2O PBA type to the KFeFe(CN)6 · x H2O is observed as the amount of Fe 
increases, corresponding to a Vegard shift towards lower 2θ and the space group of Fm-3m 
remains for both PBA forms. The pink reference card (ICSD 45154) represents the 
KCoCo(CN)6 · x H2O type and the blue reference card (ICSD 23102) represents the 
KFeFe(CN)6 · x H2O type.  
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Figure 2.7. Powder X-ray diffraction (pXRD) patterns of all FexCo1-xCy samples produced for 
electrocatalytic study, of varying Fe content from 0 – 100%. Pure reference phases are shown 
for comparison, for M2C (Green reference, COD: 1528415), M3C (light blue reference, ICSD: 
43521), M5C2 (dark blue reference, ICSD: 423885) and M7C3 (purple reference, ICSD: 76830). 
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Co (i.e. 0% Fe) carbide particles were significantly larger than the other bimetallic carbide 

nanocrystals, as shown in the TEM images in Figure 2.4 for 0% Fe (51 ± 6 nm), 15% Fe (9 ± 6 

nm), 25% Fe (9 ± 3 nm), 75% Fe (14 ± 3 nm), and 100% Fe (8 ± 2 nm). Based on TEM images 

shown in Figures 2.6c-g, and in our previous study, the resulting carbide nanocrystals are highly 

disordered, with stacking faults likely present52. Although stacking faults83 and NP size42 are often 

linked to tuning electrocatalytic activity, our results show that the minimum overpotential of 0.42 

V achieved cannot be attributed to differences in particle size or morphology, as particles 

containing 15-100% Fe the have similar nanocrystal sizes, yet the electrocatalytic activity changes 

significantly. 

XPS was used to investigate the surface structure of the as-synthesized FexCo1-xCy 

materials with varying % Fe (Figure 2.8), with chemical shifts obtained from fits in Table 2. For 

the Co2p spectra in Figure 2.8a, three Co species were identified: Co0 (778 eV 2p3/2), Co2+ (780-

786 eV 2p3/2), and Co3+ (779-785 eV 2p3/2), indicative of the carbide and mixed valence oxide 

surface species, respectively.84 The observed Co2+ and Co3+ species observed in as-synthesized 

samples are consistent with finding from Mullins and coworkers,46 suggesting the presence of a 

thin-layer amorphous oxide on the surface. In particular, the evidence of a broadened 2p3/2 peak 

at ~795 eV from post-OER pXRD analysis.   The Fe2p spectra revealed three Fe species: Fe0 (707 

eV 2p3/2) resulting from metal carbide, and Fe2+ (709 eV 2p3/2) and Fe3+ (711 eV 2p3/2) resulting 

from a mixed valence oxide at the surface. The C1s spectra revealed three unique species: metal 

to carbon bonding (M-C, 284.8 eV) present in the carbide material, carbon to carbon bonding (C-

C, 286 eV) from ligand, carbide, and carbon tape support,  
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Figure 2.8. Stacked X-ray photoelectron spectra for FexCo1-xCy samples of varying Fe 
concentrations are shown for a) Co2p, b) Fe2p, c) O1s, and d) C1s with respective contributions 
of chemical species below. Black lines represent raw data, red lines represent overall fits, the 
gray lines show the background (bkrd) and specified chemical species are shown in dark blue, 
green and light blue lines. 
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and carbon to oxygen bonding (C-O, 288 eV) attributed to ligand and oxygen passivation via 

ambient conditions. 

In the O1s spectra, three species were identified, and attributed to oxygen bonding to each 

of Fe and Co at the surface (O-Fe: 531 – 532 eV, O-Co: 530 eV), and oxygen to carbon bonding 

(O-C, 533 eV) due to ligand and amorphous surface oxide contributions. Although there was some 

variability in chemical shifts in the Co2p and Fe2p spectra, there were no detectable changes in 

electronic structure to explain electrocatalytic enhancement. A study on Fe-doped molybdenum 

carbide catalysts noted that although there were appreciable differences in the electrocatalytic 

Table 2.2. Table of all XPS chemical shifts for selected FexCo1-xCy samples. All chemical shifts 
were calibrated to C1s = 284.8 eV. No clear trend is correlative to experimental electrocatalysis 
results, and minimal changes are seen in the overall electronic environment. 
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activity of pure and Fe-doped molybdenum carbide, there was no significant difference in 

oxidation state shifts upon addition of Fe, similar to our data (Figure 2.8).11 However, to better 

understand the thin amorphous oxide layer detected on the carbide samples, we implemented the 

difference in oxide before and after Ar+ ion etching to quantify the amount of surface oxide, shown 

in Figure 2.9. 

 Interestingly, 15% Fe had the smallest change in oxide amount after sputtering, which 

could suggest a more stable, or possibly thinner, oxide surface in comparison to the other samples. 

In our previous studies on monometallic TMCs, it was observed that higher electrocatalytic 

activity was correlated to a thinner oxide surface layer.52 Although we did not identify a key 

activity descriptor to explain the role of Fe composition in tuning OER activity, we are motivated 

to better understand the role of surface oxide for regulating electrocatalytic activity.  

Figure 2.9. a) XPS quantification of oxide present in as synthesized FexCo1-xCy samples before 
(light gray) and after (dark gray) Ar ion sputtering at 5 keV/1 μA for 15 minutes. Note that 
carbon atomic percentages were not included as samples were run on a carbon puck, therefore 
the relative amount of only metal and oxygen can be accurately observed.  b) Percent difference 
of oxide in various FexCo1-xCy samples. Interestingly, 15% shows the smallest oxide percent 
difference suggesting that minor oxide surface layers may enhance electrocatalysis. 
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2.3.3. Electrochemical Transformation of FexCo1-xCy During Oxygen Evolution 

Reaction Under Alkaline Conditions. The electrocatalytic stability of one of the best performing 

FeCo nanocarbides, 15% Fe, was tested and compared against commercial RuO2 nanoparticles. 

The FexCo1-xCy samples were tested using CV repetitive cycling (Figure 2.12a), so that 

overpotentials could be extracted at 10 mA cm-2 from each voltammogram (Figure 2.12b), in 

alkaline conditions using a RDE setup. It was evident that although the initial OER activity was 

greater for commercial RuO2 than the nanocarbides in the first cycle, the electrocatalytic OER 

stability of the RuO2 nanoparticles was greatly affected by harsh OER alkaline conditions upon 

further cycling (Figure 2.10). Given the rapid loss in activity, after ten cycles the current density 

no longer achieved the benchmarking current density of 10 mA cm-2. Therefore, the maximum 

current density observed at 1.8 V was extracted from the CVs to show the loss of performance.  

The current density decreased by more than half after just ten cycles, and by 92% of the original 

value after 100 cycles (Figure 2.10).  

Figure 2.10. a) CVs of the 1st and 100th cycle of RuO2 at a scan rate of 5 mV s-1, and b) the 
decay of current density at a maximum potential of 1.8 V vs. RHE over the 100 CV cycles. 
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In our previous work, we found that the Co carbide resulted in robust electrochemical 

stability with < 2% increase of overpotential over 100 CV cycles.52 In contrast, the 15% Fe 

nanocarbide from this study showed a ~110 mV increase in overpotential (loss of activity) in the 

first 30 cycles (Figure 2.12). Between 30 and 200 cycles the overpotential remained relatively 

stable, with <4% change in mV observed (Figure 2.12b). The near overlapping CVs of the 25th 

and 200th cycles in Figure 5a show that the current densities are relatively similar, suggesting 

similar electrochemical activity. In addition, we assessed the stability of FeCo nanocarbide (15% 

Fe) at a scan rate of 50 mV s-1 for 2000 CV cycles and found that a rapid increase of ~62 mV 

occurred in the first 500 cycles and remained stable for the rest of the measurement (Figure 2.11). 

electrochemical interrogation of FeCo nanocarbide (15% Fe) revealed this sample did not achieve 

the same magnitude of loss of activity as demonstrated for the lower scan rate, which  is 

corroborated by previous works that observe larger changes in catalyst degradation at low scan 

rates.85 While we investigated the source of the increase in overpotential, other factors were 

Figure 2.11. Stability measurement of FeCo nanocarbide (15% Fe) with overpotentials 
extracted from a current density of 10 mA cm-2, collected at a scan rate of 50 mV s-1 in 1 M 
KOH with a) representing the first measurement and b) the second measurement collected. 
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 considered which may decrease apparent electrochemical activity, such as the formation of 

bubbles that block active sites of the electrode surface, physical detachment of the nanomaterial, 

and hydrophobic/hydrophilic properties of the nanomaterial and the underlying electrode.13,86 To 

avoid some of these deleterious effects, our measurements were monitored by visual inspection 

every five cycles and large bubbles were removed from the electrode surface when they appeared. 

Mullins and coworkers showed that their Co2C transformed into an amorphous CoO, with an 

enhancement in OER activity after the first two LSV sweeps.46 To determine whether the rapid 

increase in overpotential, observed in the first 30 cycles for the 15% Fe, was due to oxide 

reconstruction or other material transformation changes, the materials described in Figure 2.11 

Figure 2.12. a) CVs of the 1st, 25th, and 200th cycles at a scan rate of 5 mV s-1 for the FeCo 
nanocarbide, containing 15% Fe. b) Overpotentials were extracted from CVs at a current 
density of 10 mA cm-2 over 200 cycles. c) Plot showing phase contributions from 
(Fe0.5Co0.5)2O4 (i.e. oxide) derived from XRD analysis of 15% FeCo post-electrocatalytic 
OER, with increasing CV cycles, using a Mo Kα source. Insets shown in c) depict a carbide 
surface with an M2C crystalline phase (orthorhombic lattice) and a partially oxidized carbide 
surface containing (Fe0.5Co0.5)2O4 (cubic lattice), embedded in the surface layer. These 
lattice structures were generated using CrystalMaker software. 
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were  analyzed using pXRD before and after OER electrochemical conditioning at 0,5,25,50,100, 

and 160 cycles. 

At zero cycles, an oxide layer was not detectable by pXRD, however there is evidence for 

a partial amorphous oxide layer present using XPS (Figure 2.9). After five cycles, an increase of 

up to 51% of (Fe 0.15Co0.85)2O4 was observed (identified by the Fe2CoO4 reference card) and the 

material analyzed after 5 or more cycles contributed 51-57% (Fe0.15Co0.85)2O4 that remained 

relatively stable over 5 to 160 cycles (Figure 2.12c). Notably, the rapid formation of spinel oxide 

correlates with the decline of the OER activity (Figure 2.12c). The monometallic Co carbide was 

shown to not have a notable increase in crystalline oxide before and after 30 CV cycles and 

maintained robust electrochemical stability.52 Therefore, we can infer that the initial 

electrochemical instability in the first 30 CV cycles we observe in the FeCo nanocarbide (15% Fe) 

reconstruction of 100% carbide to 57% spinel oxide (43% carbide) coverage in the nanomaterial 

after 160 CV cycles, we further analyzed how much total oxide contributed to the surface layer of 

the nanoparticle. To determine the surface layer thickness of the (Fe0.15 Co0.85)2O4 oxide material 

layer present in the as-synthesized carbide samples, all oxygen atoms were assumed to be present 

resulted from rapid surface oxide formation. To enhance our understanding of the rapid surface in 

the surface layer of the particle. We determined that 85% of the total surface layer was attributed 

to oxide after 160 cycles, suggesting that a portion of the surface layer is still attributed to carbide 

and there is not a complete transformation to oxide. PBA-derived FeCo oxides were synthesized 

(pXRD shown in Figure 2.13) to better understand the performance of FeCo oxide compared to 

FeCo carbide electrocatalysts. Both the in situ electrochemically oxidized FeCo carbides (post 30 

OER cycles) and the PBA-derived FeCo oxides with 15% Fe, resulted in lower electrocatalytic 

OER activity than the 1st cycle of FeCo carbide. Figure 2.13 shows PBA-derived oxide (15% Fe) 
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yielded an average overpotential of 0.70 V at 10 mA cm-2 (per geometric area), approximately a 

300 mV and 170 mV increase in overpotential in comparison to the in situ electrochemically 

oxidized 15% Fe nanocarbides at the 1st CV cycle (0.41 V) and even the 200th cycle (0.53 V). The 

170 mV overpotential difference between the in situ electrochemically oxidized nanocarbides and 

Figure 2.13. Powder X-ray diffraction of the 15% Fe sample, post OER cycling study. pXRD 
reference cards shown below, in grey M3O4 (Fe2CoO4 structure) and in black M2C (Co2C 
structure). The intensities of the M2C peaks, IM2C, are normalized to 1 in each spectrum The 
percentage of M3O4 in the sample was estimated using the relative intensities of the most 
prominent pXRD peak for M3O4 (16.88 2θ) and M2C (19.26 2θ) using: % M3O4 = (IM3O4/(IM3O4 
+ IM2C)) x 100  
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the PBA-derived FeCo oxides could be explained by the difference in the amount of crystalline 

oxide phase present and possibly the influence of strain on metal surface-oxygen interactions.87 

Similar cobalt oxide nanocatalysts, such as CoO and Co3O4, exhibited geometric overpotentials 

achieved for a current density of 10 mA cm-2 of 0.45 V and 0.50 V, respectively,39 significantly 

lower than the 0.70 V achieved for our PBA-derived 15% Fe nanocarbide electrocatalyst. Fe oxide 

nanocatalysts reported in literature exhibited higher overpotentials than the FeCo carbides, such 

as 1.23 V at 10 mA cm-2 for Fe2O3,39 and 0.45 V at 1 mA cm-2 for Fe3O4.
88   

In contrast to other monometallic Co carbides in literature,46 our FeCo carbide 

electrocatalysts differ in terms of electrocatalytic activity and oxide layer growth. We hypothesize 
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Figure 2.14. Powder XRD patterns of FeCo oxides, for 0% Fe (i.e. 100% Co), 15% Fe and 
100% Fe. Pure phase references are shown for comparison for Co3O4 (bottom black, reference 
ICSD 24210), CoO (bottom pink, reference ICSD 174027), Fe3O4 (top blue, reference ICSD 
75627) and FeCO3 (top black, reference COD 9014728). 
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that OER activity can be dependent on material descriptors that result from the harsh oxidative 

environment, which include the active oxide phase,89 phase crystallinity and disorder, and the 

amount of Fe2CoO4 oxide present in the surface layer. Previous studies of oxide surface 

reconstruction have ascribed both rapid OER activity increase46,90 and decrease91 to the evolution 

of oxide on the surface during electrocatalytic OER. Oxygen vacancies are another potential 

phenomenon to occur in reconstructed surface metal oxide catalysts, influencing the local 

environment and reaction rates of active sites.92,93 To relate this to our work, a more in-depth 

analysis of oxygen vacancies on the surface of highly conductive carbon materials with surface 

oxide reconstruction. Further investigation of stability and oxide surface reconstruction in the 

carbide family and other non-oxide materials will be fundamental to improving knowledge of 

designing efficient earth-abundant, non-oxide electrocatalysts for the OER. Further investigation 

of stability and oxide surface reconstruction in the carbide family and other non-oxide materials 

will be fundamental to improving knowledge of designing efficient earth-abundant, non-oxide 

electrocatalysts for the OER. 

2.4 Conclusions 

In this work, various ratios of Fe:Co in FexCo1-xCy were controlled through a top-down 

templated synthetic route, and used to better understand the material composition and structure 

properties that tune the electrocatalytic activity of bimetallic carbides for the OER. FeCo 

nanocarbides containing 15 – 20% Fe resulted in an optimal overpotential of 0.42 V (at 10 mA 

cm-2 per ECSA), with a 100 mV enhancement from the monometallic Co2C. Electrochemical 

stability and material properties of one of the best performing nanocarbides, Fe0.15Co0.85Cy, were 

monitored for 200 OER cycles using CV, and a series of samples were analyzed ex situ by pXRD. 

The overpotential achieved increased by ~110 mV within the first 30 cycles, which was attributed 
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to the growth of an oxide. From this work, it is shown that the Fe0.15Co0.85Cy catalyst’s oxygen 

coordinated surface likely undergoes a reconstruction to (Fe0.15Co0.85)2O4, that represents 85% of 

the total surface layer after the first 5 OER CV cycles and is subsequently maintained. These results 

support the notion that OER activity is dependent on metal composition and the amount of surface 

oxide present. Tuning the elemental composition, i.e. proportion of Fe and Co present in 

Fe0.15Co0.85Cy, led to enhanced activity for the OER. This enhanced performance could have 

resulted from surface level oxide reconstruction, relative surface oxide stabilities, and the amount 

of oxide layer (post-OER) changing across the composition range. This study provides new insight 

on the performance of FeCo-based carbide materials for the OER as well as a new strategy for 

designing multi-metallic carbides as efficient OER electrocatalysts.  
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CHAPTER 3 

 

TUNING THE BIMETALLIC AND TRIMETALLIC RATIO IN PRUSSIAN 
BLUE ANALOGUE (PBA) DERIVED FENI AND CRFENI 

NANOCARBIDES FOR THE OXYGEN EVOLUTION REACTION (OER) 
 

Reprinted with permission from Ritz, A.J.; Bertini, I.A.; Strouse, G.F.; Lazenby, R.A. Tracking 
surface oxide formation in FeNi-containing nanocarbides: insights into carbide catalyst 

degradation in alkaline OER conditions.  
 

3.1 Introduction 

The production of hydrogen through alkaline water electrolysis serves as a highly 

promising avenue for fueling renewable energy production and storage technologies such as 

alkaline water electrolyzers and fuel cells.94–96 Yet, the electrocatalytic oxygen evolution reaction 

(OER) presents a challenge for efficient electrochemical water splitting to occur with its sluggish 

four-electron transfer process, demanding low overpotentials to surmount the OER kinetic 

barrier.67 It becomes imperative, therefore, to engineer cost-effective and highly efficient 

electrocatalysts for the OER. Notably, Ni-based electrocatalysts operating in alkaline media offer 

a promising alternative to the expensive benchmark catalysts, IrO2 and RuO2.97–99 In particular, 

Ni-based oxides, oxy(hydroxides), and layered double hydroxides (LDHs) are well-studied and 

known to have enhanced OER activity with incorporation of Fe.50,100 However, Ni-based oxides 

and oxy(hydroxides) have poor electrical conductivity,73,101 and LDHs exhibit structural 

degradation under dynamic water-electrolyzer conditions.102,103 

Ni-containing phosphides,59,60,97,104,105 and carbides51,106–108 are some of the most promising 

non-oxide-based catalyst alternatives with high electrical conductivity and corrosion resistance. 

Although carbides and phosphides exhibit similar physical and chemical properties, carbides stand 
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out due to their abundance of low-cost precursors and high thermal stability suitable for water 

electrolyzer applications.51 However, one of the main drawbacks of carbides lies in the limited 

exploration of complex surface oxide degradation mechanisms of carbides during electrocatalytic 

OER.29,71 Raman spectroscopy has been used as a non-destructive, and versatile technique for ex-

situ and in-situ/operando characterization of metal oxide (MO) and metal oxyhydroxide (MOOH)-

based electrocatalysts.109–113 A comprehensive understanding of the OER active phase in NiO and 

Ni(OH)2 catalyst materials under alkaline conditions using Raman spectroscopy is provided in 

literature, often identifying NiOOH as the electrocatalytically active OER phase. However, using 

this technique for studying structural oxide transformation and degradation in non-oxide-based 

catalysts is a relatively underexplored application. 

The well-established Bode scheme highlights the transformation of NiO and Ni(OH)2, 

undergoing oxidation to NiOOH, and the further oxidation of β-NiOOH to γ-NiOOH.114,115 While 

long-standing debates have revolved around the question of which phases are more active for OER, 

the majority of recent studies contend that γ-NiOOH, with its higher oxidation state (>3+), exhibits 

superior catalytic activity.116–118 However, recent research has posited that the heightened OER 

activity is not solely attributable to the formation of NiO to β-NiOOH or γ-NiOOH, but rather to 

the incorporation of Fe impurities into the NiOOH films.119,120 While it is well-established that the 

incorporation of Fe enhances OER activity, recent efforts have been directed towards 

comprehending less well-known Fe activation and degradation mechanisms in OER catalysts. For 

instance, Valizadeh and Najafpour suggest that although the transformation of Ni phosphide to Ni 

(hydr)oxides is observable, the catalyst's activity remains low in the absence of Fe salt.121 However, 

the incorporation of Fe salt after repetitive cyclic voltammetry (CV) cycling led to catalyst 

degradation.122 Yang et al. suggest that Fe oxide aggregates may contribute to the degradation of 
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OER active FeNiOOH catalysts, highlighting the complexity of structural and morphological 

changes during electrochemical transformation of catalysts.121  

In our prior investigations, bimetallic FeCo carbides23, revealed that the formation of 

Fe2CoO4 led to catalyst degradation, despite the initial catalytic activity improvement with the 

incorporation of Fe. In this current study, our focus is on FeNi nanocarbides, aiming to assess the 

impact of Fe on electrocatalytic activity and explore the effects of Fe on the degradation 

mechanisms of carbide catalysts using electrochemical and Raman spectroscopy techniques. We 

introduce Fe0.20Ni0.70Cr0.10C, a meticulously engineered carbide catalyst with synergistic effects of 

Fe and Ni to enhance electrocatalytic activity, and the inclusion of Cr to tailor the surface oxide 

composition for improved electrocatalytic stability in alkaline oxygen evolution reactions. Select 

(FexNi1-x)yCz nanomaterials with varying Fe content and the optimized Fe0.20Ni0.70Cr0.10C sample 

are evaluated in harsh alkaline conditions with a particular emphasis on studying the effects of the 

formation (or lack of) Fe oxide for OER activity and stability.  

3.2 Experimental Methods 

  3.2.1. General Synthesis of Ratio Controlled Bimetallic FeNi and Trimetallic CrFeNi 

PBAs. The synthesis used in this work for FeNi nanocarbides is similar to our previously described 

synthesis for FeCo nanocarbides, except that Ni-containing precursor solutions were used instead 

of Co-containing precursors, and modifications were made to the molar ratios and reaction times 

used.94 Two precursor solutions were prepared and coprecipitated at room temperature, as 

described in our previous work. To control the metal ratio, x mmol K3Fe(CN)6 and 1 - x 

mmol K2Ni(CN)4 (Sigma Aldrich, >99%) (where x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1), and 5 mmol of 

KCl (Sigma Aldrich, 98%) in 100 mL of ultrapure water, comprised solution 1. 1 mmol of either 
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FeCl2 (Thermo Fisher, >99%) (to make PBAs of > 50% Fe) or NiCl2 (J.T Baker, >97%) (to make 

PBAs of < 50% Fe) were combined in 200 mL of ultrapure water to form solution 2. Solution 2 

was then added dropwise to solution 1 and stirred at a rate of 5 mL min-1 for 18 h, leading to the 

formation of the precursor PBA materials. For the synthesis of Fe0.2Ni0.7Cr0.1C, 0.2 mmol 

K3Fe(CN)6, 0.7 mmol K2Ni(CN)4 and 0.1 mmol K3Cr(CN)6, and  (i.e. 1 mmol total) and 5 mmol 

of KCl in 100 mL of ultrapure water, comprised solution 1. Equal parts FeCl2, NiCl2 and CrCl2 

were combined in 200 mL of ultrapure water to form solution 2. The aged PBAs were collected 

via centrifugation, purified with 300 mL of ultrapure water, and dried on the benchtop at room 

temperature. Subsequently, they were characterized using pXRD, XRF and SEM.  

 3.2.2. Thermal Decomposition of PBAs into Nanocarbides. 200 mg of solid PBA and 

40 mL of octadecylamine (ODA) (Thermo Fisher, 90%) were heated to 330 °C under an inert 

atmosphere for 1 h and the resulting nanocarbides were collected through magnetic separation. 

The nanocarbides were purified with toluene (VWR, ACS Grade) (3×), acetone (VWR, ACS 

Grade) (1×), ultrapure water (18.2 Ω cm-1 at 25.0 °C, Thermo Fisher Barnstead E-Pure Ultrapure 

filtration system) (3×), and again with acetone (1×), then dried in an oven at 100 °C for 15 minutes.

 3.2.3. Materials Characterization. PXRD patterns of PBAs, PBA derived carbides and 

oxides were collected at room temperature on a Rigaku Miniflex powder diffractometer (Cu Kα 

source, λ = 1.54 Å). The elemental compositions for both PBA and nanocarbide were confirmed 

using XRF on a Panalytical Epsilon X-ray florescence analyzer (Cu Kα source). X-ray 

photoelectron spectroscopy (XPS) was performed on as-synthesized FeNi carbide powders 

deposited on carbon tape using a PHI 5100 X-ray photoelectron spectrometer (Mg Kα source) with 

a pass energy of 22.36 eV. The XPS spectra were fitted using CasaXPS software. Samples were 

Ar+-sputtered using a sputtering gun at 5 keV and 1 μA for 10 minutes to reveal underlying carbide 
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features. All samples were calibrated to the aliphatic carbon assignment (C1s, 284.8 eV). Size, size 

dispersity, and morphology of PBA precursors were investigated using ImageJ software (sample 

size = 300 particles) via SEM images (FEI Nova 400). Size, size dispersity, and morphology of 

the nanocarbides were estimated using ImageJ software (sample size = 100 particles) via TEM 

images, collected on a Tecnai Osiris TEM operating at 200 kV.  

3.2.4. Preparation of Electrode Surfaces. Catalyst ink solutions were prepared using 

catalyst powder (varied between 1 and 5 mg depending on the desired mass loading) in a solution 

containing 6% (54 µL) of Nafion (5 wt. % solution in alcohol/water system, Aldrich), 84% (744 

µL) ethanol, and 10% (92 µL) deionized water. This mixture was then sonicated for 3 – 5 min, 

until a homogeneous black solution formed. The catalyst ink solution (10 µL) was drop casted 

onto the glassy carbon (GC) electrode surface and dried in air at room temperature for 1 h. For all 

activity measurements, a mass loading of 0.1 mg cm-2 was used. Electrochemical stability 

measurements performed in Fig. 3.5 and Fig.3.6 implemented a mass loading of 0.3 mg cm-2, with 

the addition of carbon black carbon (1 mg mL-1 in the catalyst ink, Alfa Aesar). This adjustment 

aimed not only to optimize electrochemical activity but also to enhance mechanical stability, 

ensuring the nanoparticles adhere effectively to the electrode surface for long-term measurements. 

3.2.5. Electrochemical Methods. All OER activity and stability measurements were 

evaluated in 1.0 M KOH with a 5 mm diameter GC rotating disk electrode (RDE) with a rotation 

rate of 1500 rpm, connected to a potentiostat (model CH 660E, CH instruments). A graphite rod 

served as the counter electrode and all potentials were recorded vs. a Ag/AgCl reference electrode 

(filled with and stored in 1.0 M KCl) and routinely checked against a master reference electrode 

to ensure electrode stability and a potential difference of no more than 2.5 mV. Linear sweep 

voltammograms (LSVs) were recorded at a scan rate of 5 mV s-1 to evaluate activity, while cyclic 
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voltammograms (CVs) for stability measurements were conducted at a scan rate of 10 mV s-1. 

Electrochemical surface area (ECSA) was determined by estimating the double-layer capacitance, 

with the assumption that the specific capacitance remains constant irrespective of material 

composition. These capacitance values were determined through cyclic voltammetry (CV) 

measurements performed within an optimized potential window in the non-faradaic region of the 

CV, employing scan rates of 0.01, 0.02, 0.05, and 0.1 V. Electrochemical impedance spectroscopy 

(EIS) was conducted in the frequency range of 10-1 to 105 Hz at a potential of 1.6 V vs. RHE, using 

a 5-mV amplitude perturbation. To assess the turnover frequency (TOF) of these catalysts, all Fe 

and Ni catalytic sites were assumed to be equally active.  

3.3 Results and Discussion 

3.3.1. Physical Materials Characterization. Here, we have synthesized a library of PBA 

sourced FeNi nanocarbides (FexNi1-x)yCz), ranging from 0% Fe (i.e. x = 0) to 100% Fe (i.e. x = 1), 

to investigate the effect of the ratio of Fe and Ni on electrocatalytic activity for the OER. 

Throughout this study, the molar ratios of the metal(s) will be represented as the theoretical molar 

ratios, rather than the actual molar ratio values obtained through XRF analysis. We confirmed that 

the molar metal composition remains well-controlled, as evidenced by XRF characterization (refer 

to XRF data in Table 3.1). The pXRD for selected (FexNi1-x)yCz nanomaterials with varying 

percentages of Fe are illustrated in Fig. 3.1. Across the range of (FexNi1-x)yCz nanomaterials 

studied, three major crystal phases were identified: Ni3C, Fe3C, and Fe7C3, with a clear evolution 

from the Ni3C to Fe7C3 as the amount of Fe in the material is increased. While not all data are 

included in Fig. 3.1, it is observed that the Ni3C phase appears in isolation from 0 – 25% Fe, and 

at 35% Fe the Fe3C phase starts to appear until it becomes the dominant phase at 75% Fe, and the 

final Fe7C3 phase is only observed in the 100% Fe sample. Small impurities (< 1% of total material) 
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of PBA precursor in the 25% and 45% Fe samples were observed. A secondary phase of NiO 

(depicted with +) was observed in the Fe0.65Ni0.35C sample. This is worth noting as the presence of 

crystalline oxide within the carbide sample has been shown to degrade catalytic activity in our 

previous work.23 

Target amount of Fe Actual amount of Fe Actual amount of Ni 
0 0.16 99.8 
1 0.37 99.6 

2.5 2.38 97.6 
5 5.80 94.2 

15 14.8 85.2 
25 27.1 73.0 
35 33.6 66.4 
45 49.0 51.1 
55 57.1 43.0 
65 64.1 35.9 
75 82.8 17.2 
85 89.6 10.4 
100 99.97 0.03 

 

STEM images were used to determine size, shape, and lattice fringe assignments of select 

(FexNi1-x)yCz nanomaterials as shown in Fig. 3.2. The nanoparticle sizes (n = 100) were evaluated, 

with the histograms available in the Supporting Information (Fig. S6). As depicted in Figure 3.2, 

monometallic Ni carbide (i.e. 0% Fe) particles exhibited an average diameter of 77 ± 36 nm, while 

Fe0.01Ni0.99C showcased an average diameter of 55 ± 18 nm. The Fe0.25Ni0.75C nanoparticles 

demonstrated the largest particles, with an average diameter of 77 +/- 22 nm, whereas Fe0.65Ni0.35C 

displayed the smallest average diameter at 26 ± 14 nm. We found that there were no obvious 

relationship between Fe content and particle size. In Figure 3.2b, a distinct amorphous surface 

Table 3. 1. XRF elemental analysis verifying the metal composition in PBA precursor and 
resultant nanocarbide 
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oxide layer (thickness < 10 nm) was apparent for the Fe0.01Ni0.99C and Fe0.25Ni0.75C. Interestingly, 

a similar amorphous oxide layer was not apparent in Fe0.65Ni0.35C despite the presence of 

Figure 3.1. Powder X-ray diffraction (pRXD) patterns for select FeNi carbides are shown with 
varying Fe content from 0 – 100%. The spectra colored light blue were assigned to Ni3C, while 
the spectra in black were assigned to a mixture of the Ni3C and Fe3C phases, and the dark blue 
spectrum was assigned to Fe7C3. Peaks assigned to PBA impurities and a secondary phase of 
NiO were observed in select samples, marked with an asterisk (*) or a plus sign (+), 
respectively. Pure reference phases of the carbide and oxide crystalline phases are shown for 
comparison, for Ni3C (COD: 17005), Fe3C (ICSD: 42542), Fe7C3 (ICSD: 76830) and NiO 
(ICSD:76669). 
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crystalline NiO shown via pXRD in Fig. 3.1. STEM lattice fringe analysis was also performed on 

select (FexNi1-x)yCz nanomaterials to assign Miller indices and d-spacing (Fig. 3.2b).  

The lattice fringes were indexed to the (006) lattice plane with a d-spacing of 2.18 Å in the 100% 

Ni (0% Fe) sample. The Fe0.01Ni0.99C sample lattice fringes matched the (2-13) lattice plane with 

a d-spacing of 2.00 Å. The Fe0.25Ni0.75C and Fe0.65Ni0.35C samples both matched the 2.28 Å (2-

10) lattice plane. Therefore, all lattice fringe assignments are indexable to Ni3C. Despite much of 

the outer-shell amorphous layer being non-indexable in the (FexNi1-x)yCz nanomaterials, we 

found exceptions where crystalline oxide was identified. In the outermost region of what appears 

to be a mostly amorphous oxide shell, the Fe0.25Ni0.75C sample showcased a (222) lattice plane 

with a d-spacing of 2.41 Å, which is attributed to NiFe2O4 (Fig. 1b (iii)). The Fe0.65Ni0.35C 

Figure 3.2. STEM images of select FeNi nanocarbides showing a) zoomed-out views of the 
particles, and b) higher magnification images in which lattice fringes were observed (yellow 
lines) which were used to obtain d-spacings and assign Miller indices, for i) 0% Fe, ii) 1% Fe, 
iii) 25% Fe, and iv) 65% Fe. 
 



68 
 

sample in a separate STEM image, also exhibited a (222) lattice with a d-spacing of 2.45 Å, 

which is attributed to NiFe2O4 (Table S-2), this is worth noting as this sample also exhibited trace 

crystalline NiO in pXRD (Fig. 3.1).  

3.3.2. OER Performance of FeNiC. (FexNi1-x)yCz nanomaterials derived from PBAs are 

highly promising candidates for the OER, due to their high activity and promising electrochemical 

reaction kinetics. The alkaline OER properties of bimetallic FeNi nanocarbides with varying % Fe 

content towards OER are depicted in Fig. 3.3 and compared against monometallic FeC and NiC. 

One of the most useful ways to quantify OER electrocatalytic activity is the overpotential required 

to achieve a certain current density, and all the (FexNi1-x)yCz nanomaterials investigated in this 

work were compared at an ECSA-normalized activity from overpotentials extracted from the 

benchmarking standard current density of 10 mA cm-2 utilizing linear sweep voltammograms 

(LSVs) in alkaline OER conditions. The LSVs shown in Fig. 3.3a demonstrate that monometallic 

FeC did not achieve a current density of 10 mA cm-2, and monometallic NiC had a delayed OER 

onset potential compared to samples with incorporated Fe. Nevertheless, it is important to highlight 

some unexpected differences in voltammetry for samples with incorporated Fe. While the 

Fe0.25Ni0.75C sample exhibited an optimal rate of increased current density compared to other 

voltammograms presented, surpassing 80 mA cm-2 at 1.9 V, the onset of OER is comparable to 

that of the Fe0.01Ni0.99C sample, despite the observed behavior of limiting current density. This 

limiting current density behavior was also observed in samples containing 5% Fe. Given that the 

rate of the OER reaction to the electrode surface can be influenced by mass transport,123 

overcoming the diffusion-limited current has been found to be achievable at higher rotation rates 

and an optimized catalyst mass loading.  
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In order to assess the intrinsic activity of our FeNi nanocarbides as OER electrocatalysts, 

overpotential values from ECSA-normalized current densities of 10 mA cm-2 are depicted in Fig. 

3.3d. The plot reveals that the incorporation of a small amount of Fe (1%) leads to an overpotential 

of 0.40 V, signifying a notable enhancement of 190 mV when compared to NiC (0.59 V). It is 

worth noting that the actual % Fe amount determined from XRF is closer to 0.3%, indicating that 

even a very small amount of Fe has a significant impact on OER activity (Table 3.1). It is evident 

from these results that intentional incorporation of low amounts of Fe results in more desirable 

Figure 3.3. OER performance in 1.0 M KOH: a) LSVs of select (FexNi1-x)yCz nanomaterials 
with varying % Fe content, and b) the Tafel plots obtained from these LSVs. c) Nyquist plots 
(105 to 10-1 Hz) were performed for each sample. d) The overpotentials needed to attain 10 mA 
cm-2 (per ECSA) were acquired for each material (n = 3), denoted along the left y-axis (blue), 
while Tafel slopes extracted from the linear onset region of the LSVs are represented along the 
right y-axis (red). e) TOF values extracted at 1.6 V vs. RHE were also collected. All data were 
collected with a mass loading of 0.1 mg cm-2, and error bars shown reflect the standard 
deviation of the mean for three measurements. 
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OER catalytic activity, which is also corroborated by literature that identifies the highly critical 

role of Fe in Ni- and Co-based catalysts.54,118,121,124–126 Our best performing (FexNi1-x)yCz 

nanomaterials achieved a minima overpotential of 0.35 – 0.36 V (mass loading of 0.1 mg cm-2) 

containing 2.5 – 25% Fe, which is competitive to FeNi oxide-based catalysts such as NiFeO (0.34 

V),100 NiFeOOH (0.32 V),98 NiFe-LDH (0.32 V),127 and non-oxide-based catalysts such as Ni2P 

(0.35 V)128 and Fe doped Ni3S2 (0.35 V).129 To further quantify intrinsic activity, Fig. 3.3e 

showcases TOFs which denotes the O2 molecules per active site at a potential of 1.6 V vs RHE, 

strategically chosen for its proximity to the onset OER potential. For the determination of TOF, 

we operate under the assumption that all catalytically active sites of Fe and Ni are uniformly active. 

The calculation remains insensitive to the precise surface composition due to the similar atomic 

volumes of Fe and Ni. The most remarkable TOF values which display high intrinsic activity, 

extracted at 1.6 V, were observed in the (FexNi1-x)yCz nanomaterials containing 5 and 15% Fe. 

These values were 7.6 and 9.0 O2 s-1, respectively, showcasing a notable improvement when 

compared to the monometallic NiC and Fe0.65Ni0.35C samples, which exhibited TOF values of 

approximately 0.1 and 0.3 O2 s-1, respectively.  

The Tafel plots in Figure 3.3b were obtained in the linear region close to the OER onset of 

the LSV curves where the reaction is solely charge-transfer controlled, as shown in Figure 3.3a. 

The Tafel slopes can be used to assess electrochemical kinetics, and we observed that the largest 

slope of 160 mV dec-1 for NiC, was reduced to 73 mV dec-1 for the sample containing 1% Fe (i.e. 

Fe0.01Ni0.99C). This large decrease in Tafel slope indicates a much faster electron transfer kinetics, 

and a more rapid rate of OER and the trends in Tafel slope closely correlated to OER activity 

trends. The lowest Tafel slopes achieved were for 25 % Fe (45 mV dec-1) and 55% Fe (41 mV dec-

1), which correlates to a rapid, three electron transfer rate-determining step for OER in alkaline 
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conditions shown in Fig. 3.3d.70 Remarkably, Fe0.65Ni0.35C displayed a significantly lower Tafel 

slope, indicative of a two-electron transfer rate-determining step, contrasting with the one-electron 

transfer rate-determining step observed in NiC.63 This suggests that while excess Fe may 

detrimentally impact OER activity, it can still influence catalyst kinetics. 

To delve deeper into the dynamics of electrochemical reaction kinetics, EIS was conducted 

at a potential of 1.6 V vs. RHE. In Fig. 3.3c, the Nyquist plots of the catalysts are depicted. The 

semicircle diameter predominantly reflects the charge transfer resistance (Rct) with a smaller 

diameter indicating more favorable kinetics for the OER. Compared to NiC, carbides containing 

even trace amounts of Fe (as low as 1% Fe) exhibited considerably smaller semicircle diameters, 

indicating accelerated charge-transfer kinetics upon the incorporation of Fe into the carbide 

catalyst. In line with the Tafel analysis, Fe0.25Ni0.75C demonstrates the smallest semicircle 

diameter, suggesting the lowest Rct when compared with monometallic NiC and nanocarbides 

containing 1% and 65% Fe. It's noteworthy that even Fe0.65Ni0.35C, which displayed lower catalytic 

activity than NiC, exhibited both a lower Rct and Tafel slope when compared to NiC. This 

phenomenon could be ascribed to the presence of Fe. 

3.3.3. OER Performance in FeNiCrC. Our previous section illustrates that catalytic 

degradation can result from rapid surface oxidation changes. A recent strategy to enhance 

performance in the catalysis field is to introduce Cr to Fe and Ni-based catalysts.110,130,131  It is 

widely recognized that chromium plays a pivotal role in the corrosion resistance of stainless steel, 

reacting with oxygen to create a protective, passivating Cr2O3 film on the steel surface. Inspired 

by this principle, we integrated a comparable strategy into the design of our catalyst, aiming to 

withstand demanding oxidizing conditions. It is noteworthy that many commercially available 
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stainless steels typically contain approximately 10-20% chromium, and this was considered for the 

design of our trimetallic Fe0.20Ni0.70Cr0.10C electrocatalyst. pXRD characterization is shown in Fig. 

3.4. The FeNiCrC matches the same Ni3C phase as the majority of FeNi samples.  

Figure 3.4. pXRD patterns of Fe0.23Ni0.70Cr0.07 PBA precursor and Fe0.23Ni0.70Cr0.07C. These 
materials are labeled by the actual metal composition obtained from XRF, rather than the 
theoretical ratios presented in the manuscript. Blue patterns reflect the K2FeNi(CN)6 and black 
patterns reflect the Ni3C rhombohedral crystal structure (COD: 17005).  
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 The long-term electrochemical stability assessment of Fe0.20Ni0.70Cr0.10C revealed a highly 

stable electrocatalyst for 1000 OER CV cycles in 1.0 M KOH with minimal change in 

overpotential, shown in Fig. 3.5a. The ex-situ Raman spectra before and after 10 OER CV cycles 

are shown for the Fe0.20Ni0.70Cr0.10C sample in Fig. 3.5b, with distinct peaks at 475, 561, and 668 

cm-1.  The peak occurring at 561 cm-1 can be attributed to Cr-O bending modes, indicating that the 

chromium oxide layer formed.132 The peak at 668 cm-1 can be ascribed to the A1g phonon mode of 

spinel Fe3O4,110,133 and 475 cm-1 likely is attributed to vibrations for Ni-O.128 These findings 

suggest that, despite the formation of surface metal oxides such as Fe3O4 and NiO, the catalyst's 

degradation was effectively mitigated in the presence of the chromium oxide layer. This points to 

the chromium oxide layer's ability to create a robust oxide surface layer, acting as a barrier that 

prevents O2 from reacting with Fe and thereby averting further catalyst degradation.134,135 

To further evaluate the activity of the Fe0.20Ni0.70Cr0.10C sample, a subset of our most 

promising (FexNi1-x)yCz nanomaterials and commercial oxide standards were prepared at an 

optimized mass loading of 0.3 mg cm-2 for comparison of overpotentials extracted at 10 mA cm-2, 

as depicted in the bar graph in Fig. 3.5c. We found that the Fe0.20Ni0.70Cr0.10C sample achieved a 

competitive overpotential of 0.34 ± 0.01 V, and was comparable to the activity of Fe0.25Ni0.75C 

(0.32 ± 0.01 V), however the sample containing Cr maintained robust stability in comparison. The 

overpotential achieved for our Fe0.20Ni0.70Cr0.10C sample (0.34 ± 0.003 V) is comparable against 

similar Cr containing OER catalyst materials in literature such as surface oxidized AISI 304 steel 

(0.25-0.34 V, extracted at 1.5 mA cm-2),130 and NiFeCr oxyhydroxide (0.30 V, 10 mA cm-2).110 

Although LDH materials such as NiFeCr LDH (0.26 V, 10 mA cm-2) tend to have more impressive 

overpotentials, LDHs in general are known to often suffer from structural degradation102,103 In 

comparison to the surface oxidized AISI 304 steel overpotential (0.25-0.34 V) extracted at 1.5 mA 
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cm-2,126 the Fe0.20Ni0.70Cr0.10C achieves a competitive overpotential value of 0.27 ± 0.003 V at the 

same current density.  

Figure 3.5. OER performance of Fe0.20Ni0.70Cr0.10C in 1.0 M KOH: a) Long-term 
electrochemical stability measurement of Fe0.20Ni0.70Cr0.10C in 1.0 M KOH for 1000 OER CV 
cycles, b) Raman spectra collected before (black) and after (magenta) 10 OER CV cycles, and 
c) bar graph of overpotentials extracted at 10 mA cm-2 of NiO, NiC, and Fe0.25Ni0.75C compared 
to Fe0.20Ni0.70Cr0.10C at a mass loading of 0.3 mg cm-2 (n = 3). 
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3.3.4. Navigating Electrochemical Surface Oxide Reconstruction of Carbides with Fe 

Incorporation.  While our earlier findings underscored the substantial influence of Fe integration 

during synthesis on tuning electrocatalytic activity and kinetics, it's crucial to emphasize the 

nuanced effects of Fe's capacity to enhance the initial OER activity, and influence how (FexNi1-

x)yCz nanomaterials perform over time. The short-term electrochemical stability of selected 

(FexNi1-x)yCz nanomaterials was for 30 OER CV cycles in 1.0 M KOH (~ 1 h), measuring 

overpotential at a current density of 5 mA cm-2 in Fig. 3.6. The current density of 5 mA cm-2 was 

chosen due to certain samples that did not achieve 10 mA cm-2 after catalytic degradation. These 

select samples of varying % Fe content were of interest due to their differences in electrocatalytic 

activity and material composition. Significantly, in Fig. 3.6a, both the Fe0.01Ni0.99C and 

Fe0.25Ni0.75C samples exhibited notable activity loss, with an incremental rise in overpotential 

observed across the initial 28 OER CV cycles. Subsequently at the 29th CV cycle, a more 

pronounced rise in overpotential was observed for Fe0.01Ni0.99C, coinciding with rapid changes in 

voltammetric behavior for the 29th and 30th CV cycle without the presence of bubbles blocking the 

electrode surface. The impact of % Fe content on electrocatalytic OER stability is further 

elucidated in Fig. 3.6b, highlighting that Fe0.01Ni0.99C and Fe0.25Ni0.75C samples experienced an 

overpotential increase of approximately 200 mV and 100 mV, respectively. The robust stability of 

NiC aligns with our previous investigation,109 while the introduction of Fe appears to instigate 

initial degradation in the OER catalyst, consistent with our findings on FeCo carbides.23 

Surprisingly, the stability of the Fe0.65Ni0.35C sample defied expectations, as we anticipated Fe's 

contribution to further catalyst degradation based on the behavior observed in other Fe-containing 

samples. To delve deeper into this observed variance in catalyst degradation across samples with 
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varying % Fe content, we conducted an analysis of material surface oxide composition during both 

chemical and electrochemical oxidation using Raman spectroscopy. 

To understand the effects of surface oxide reconstruction in carbide catalysts, Raman 

spectroscopy was used to elucidate amorphous oxide features that cannot be detected by XRD. 

Select (FexNi1-x)yCz nanomaterials were drop casted onto gold-coated silicon wafers, and Raman 

spectra were collected before and after 24 h of submersion in 1.0 M KOH (Fig. 3.7a). Ex-situ 

Raman spectra collected before and after 30 OER CV cycles (~ 1 h) shown in Fig. 3.7b provided 

further insight into the electrochemical stability and surface oxide reconstruction. We note that the 

sharp, defined peak at 480 cm-1 observed in the majority of the Raman spectra is attributed to noise 

due to high energy cosmic rays. However, as Fe was incorporated into the (FexNi1-x)yCz samples, 

there was evidence of oxide formation after 24 h of chemical oxidation and ~1 h of electrochemical 

oxidation (30 OER CV cycles).  

Figure 3.6. Short-term electrocatalytic OER stability of select (FexNi1-x)yCz nanomaterials with 
varying % Fe content with a) overpotentials extracted at a current density of 5 mA cm-2  for 30 
OER CV cycles, and b) a bar chart representing the change in overpotential between the 1st and 
30th CV cycle in 1.0 M KOH. 
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The broad peak feature from ~400 to ~700 cm-1 that is present in the spectrum of 

Fe0.01Ni0.99C after 24 h of chemical and electrochemical oxidation corresponds to the typical 

bending vibrations for Ni-O at 540 cm-1,136 further evidenced by the NiO reference standard 

shown. In particular, this broad feature often corresponds to the vibration peak that arises due to 

oxygen defect sites on the surface of an amorphous NiO particle.111,137 Fe0.25Ni0.75C was assigned 

to have oxide peak features that correspond to a mixture of Fe3O4 and NiO. Fe0.65Ni0.35C previously 

revealed evidence of crystalline Ni oxide in the as-synthesized sample according to XRD (Fig. 

3.1). Before and after exposure to chemical or electrochemical oxidation, the Raman spectra for 

Fe0.65Ni0.35C exhibited a peak at 680 cm-1, associated with the A1g phonon mode of spinel Fe3O4 

110,133 and also exhibited peaks from 200-300 cm-1 that correspond to Fe2O3,22 indicating a mixed 

oxide where Fe2+ and Fe3+ could be present. However, after chemical and electrochemical 

oxidation, Fe3O4 was the prevalent species. Interestingly, Fe0.65Ni0.35C also previously revealed 

evidence of crystalline Ni oxide in the as-synthesized sample according to XRD (Fig. 3.1), which 

means that Fe0.65Ni0.35C has a mixture of crystalline Ni oxide and amorphous Fe oxide features.   

Although monometallic NiC is one of the worst performing carbide catalysts reported in 

this work, it appears to be the most stable after electrochemical interrogation for 30 CV cycles and 

resists oxidation after 24 h in alkaline conditions (Fig. 3.7). Chemical and electrochemical 

oxidation appear to have the most significant effects on samples containing 1% and 25% Fe, which 

happen to show the most significant changes in surface oxide transformation (Fig. 3.7). The 

electrochemical oxidation of Fe0.25Ni0.75C showed rapid changes within about 1 h (30 OER CV 

cycles), contrasting with the 24 h period observed for chemical oxidation. To discern the influence 

of chemical and electrochemical oxidation, we tested the Fe0.25Ni0.75C sample at different chemical 

exposure time points. Fe0.25Ni0.75C formed Fe3O4 in about 14 hours under alkaline conditions, 
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suggesting that the swift changes in electrochemical oxidation were not primarily due to chemical 

oxidation. 

Figure 3.7. a) Raman spectra of select (FexNi1-x)yCz nanomaterial thin films with 0% Fe (black), 
1% Fe (blue), 25% Fe (orange), and 65% Fe (green) on Au electrode surface for thin 
nanomaterial films before (light color) and thin films after alkaline aging for 24 h in 1.0 M 
KOH (dark color) and b) before and after 30 OER CV cycles. The samples were compared to 
Fe3O4 (magenta) and NiO (light blue) commercial standards. 
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  This points to electrochemical oxidation mechanisms as the likely cause of the observed 

rapid changes in Fig. 3.7b, distinguishing them from the slower chemical oxidation process. 

Notably, Fe0.65Ni0.35C already displayed evidence of Fe3O4 before and after chemical and 

electrochemical oxidation, therefore this likely indicates that the sample remained stable due to 

the surface oxide already being present in the sample.  

Our investigation unveiled a correlation between the observed trends in material 

composition oxidation changes post-OER in Fig. 5 and the variations in short-term electrochemical 

stability illustrated in Fig. 3.6. Specifically, both NiC and Fe0.65Ni0.35C demonstrated minimal 

deterioration in catalytic activity, and Raman spectroscopy indicated that the material composition 

before and after OER catalysis remained largely unchanged. In contrast, Fe0.01Ni0.99C and 

Fe0.25Ni0.75C samples exhibited significant deterioration in catalytic activity, with corresponding 

Raman spectra revealing evolved surface oxides. This result holds particular significance, given 

the general consensus that non-oxide-based catalysts, such as phosphides and carbides, are 

typically regarded as pre-catalysts, with the transformation to (oxy)hydroxide in electrochemical 

conditions deemed the "true" active catalyst.29,58,71,138 While this generalization may hold merit, 

our findings highlight the importance of not overlooking the stability of surface oxides formed 

during OER electrocatalytic activity, while also considering that not all surface oxides are 

catalytically active for OER. For example, Kawashima et al. observed a significant deterioration 

in OER activity over time when testing a Ni3N/Ni foam catalyst ascribed to the formation of a 

NiO/NiOOH shell.139 It is also important to note that studies have also found that reduced 

electronic conductivity resulting from the emergence of the NiO/NiOOH shell, implicating that 

not all NiO/NiOOH species are OER active.139,140 Therefore, our key focus in the next section is 
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to design a highly active FeNi-containing carbide catalyst that forms a degradation resistant and 

OER active oxide layer.  

3.4 Conclusions 

In summary, we have investigated the electrocatalytic OER performance of (FexNi1-x)yCz 

nanomaterials, and introduced a Cr-containing FeNi nanocarbide with promising long-term 

electrochemical stability. In particular, we identified the role of Fe for initially enhancing OER 

activity and kinetics and for contributing to catalyst degradation mechanisms. By investigating the 

effects of surface oxide reconstruction using Raman spectroscopy, we were able to elucidate that 

rapid surface oxide changes can cause catalyst degradation under oxidizing conditions, whereas 

catalysts that are able to resist harsh oxidation conditions remain relatively more stable. In 

addition, we found that NiC before and after OER interrogation remained electrochemically stable 

with no detectable oxide features in the Raman spectra, whereas Fe0.01Ni0.99C with a small amount 

of Fe incorporation resulted in more rapid amorphous surface oxide formation and catalyst 

degradation. To engineer a catalyst resilient to corrosion and degradation, our study showcased the 

integration of chromium in the design of a trimetallic Fe0.20Ni0.70Cr0.10C catalyst as a promising 

strategy. This approach yielded a high-performance electrocatalysts with superior activity and 

stability towards the oxygen evolution reaction (OER), evidenced by an overpotential of 0.31 V at 

10 mA cm-2 and a robust stability for 1000 OER CV cycles in the presence of a chromium oxide 

layer. These findings highlight the importance of tailored surface oxide compositions in catalyst 

design and pave the way for further exploration of trimetallic catalysts and their synergistic effects 

on electrocatalytic performance. Overall, this study contributes valuable insights towards the 

development of efficient and durable bi- and multimetallic carbide catalysts for renewable energy 

conversion and storage technologies. 
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CHAPTER 4 

MODULATING CRYSTALLINE PHASE IN FEXCO1-XCY VIA HALIDE-
MEDIATED SYNTHESIS 

Reprinted with permission from Bertini, I.A.; Lamichhane, B.; Bell, S.; Kattel, S.; Strouse, G.F. 
ACS Chemistry of Materials. 

4.1 Abstract 

The ability to control the compositional phase in first row transition metal bimetallic 

carbides, as well as systematically controlling the metal ratio, is complicated by the rich phase 

diagram, differences in metal reactivity, and differences in carbon solubility in the first-row metal 

carbides. Prussian Blue Analogues (PBAs) have been shown to act as a single source precursor for 

formation of nanocrystal metal carbides with maintenance of their metal. An investigation of 

crystal phase control in the ternary (FexCo1-x)yCz formed by PBA collapse has yet to be explored. 

In this study, we demonstrate the ability to tune phase (from most carbon rich to least) M2C, M5C2, 

M7C3, M3C, as well as the bimetallic alloy (M) in bimetallic FeCo nanocarbides through a strategy 

that pairs synthetic and DFT approaches to enable future targeted structure-function research on 

intriguing catalytic, therapeutic, and magnetic applications. 

4.2 Introduction 

Following from the scientific dogma of “form follows function”, to obtain a desired 

property, the structure of a material dictates its potential uses. First row transition metal carbides 

possess rich phase diagrams,141–145 where the structure and carbon content strongly influence the 

materials properties, reflecting changes in orbital interactions and subsequent band structure. In 

the catalytic literature, it is known chemical activity is dependent on phase (anatase vs. rutile TiO2 

for instance) or as observed in Fischer-Tropsch catalysis, the Hagg carbide (Fe5C2) is more 

catalytically active than other MxCy carbides.
141,144,146–152

 Likewise, the presence of synergistic 
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effects in ternary systems (i.e FeCoP, FeCoO, FeCoC) has suggested ternary or higher entropy 

materials may be better catalysts if the structural phase of a material is controlled.23,27,72,90,124,153–

156 In ternary systems such as bimetallic carbides, the reaction phase space naturally becomes more 

complex, therefore the number of possible materials isolable increases.  

Whether the goal is to prepare hardened materials, corrosion resistant, or improve catalytic 

activity, developing synthetic methods to isolate a specific compositional and structural phase from 

a reaction mixture is crucial.20,152,157–159 When materials are grown via solid state methods, 

temperature and stoichiometry are employed to provide phase control; however, when grown as 

nanomaterials through solvent based methods, chemical control is strongly impacted by the 

thermodynamic and kinetic steps involved in nucleation and growth. As a result, being able to 

isolate a specific composition and structure is extremely difficult.160–163 

A material system that exhibits a rich phase diagram, is known to have properties 

dependent on structure and composition164, and is of immense interest in catalysis, as well as 

metallurgy, is the first row metal carbides.143,165,166 The performance of the metal carbides is 

directly dependent on metal composition and crystallographic phase, particularly in the case of 

binary systems where synergistic effects have been hypothesized.147,167–171 The bimetallic FeCoC 

ternary system has been identified as a promising material for catalytic, diagnostic imaging172, data 

storage173,174, and environmental remediation applications.175 Although Fe and Co carbide 

materials are considered “ancient advance materials,”20,158 there’s been limited research on the use 

of synthetic parameters to prepare unique crystal phases.  

Instead of focusing on the isolation of several different phases, most studies have 

investigated properties of mixed-phase or the one pure phase material isolable. Development of 

synthetic methods that allow careful control of the bimetallic composition in a specific 
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crystallographic phase is challenging for FeCoC as the phase diagram for FeC possesses a rich 

phase space. To date, monometallic carbides remain the only carbides whose structures have been 

thoroughly studied. The most common Fe carbide phases are Fe3C and Fe7C3, while cobalt carbide 

prefers to crystallize in the Co3C or Co2C phase. Many other phases of iron carbides exist (FeC, 

Fe2C, Fe3C, Fe3C2, Fe4C, Fe5C2, Fe6C, Fe7C3, Fe8C, Fe20C9, and Fe23C6) that are said to be 

metastable phases.152,176 The ternary Fe-Co-C phase diagram describe only the bimetallic alloy 

which packs in two crystal structures (FCC and BCC) and once the carbon wt% reaches 4%, the 

carbon crystallizes separately from the metal as graphitic carbon.141,177 Despite the reported 

strategies for synthesizing Fe and Co carbide monometallic materials,22,173,178,179 it is widely 

accepted that high temperature colloidal synthesis from chemical precursors provides the most 

control of nanomaterial phase, crystallinity, and size.20 The formation of nanometal carbides from 

solvothermal decomposition of molecular precursors, such as M(CO)x,180,181
 M(CO3)x ,182 

carburization of MOx,183 and from Prussian Blue analogue10,23,52,142 decomposition has been 

reported in the literature; however, the resultant materials exhibit mixed MxCy phase composition.  

In monometallic nanocarbides, it has been reported that addition of halide salts lead to 

isolation of single phase Fe2C, Fe5C2, Fe7C3, and Fe3C and for cobalt Co3C, and Co2C, depending 

on the reaction conditions.180–183 It is reasonable to assume that halide binding to the monomer or 

to the growing carbide nano-facet will be unique to each halide species and to the metal. Ma and 

co-workers180 investigated synthetic control in the Hagg carbide (Fe5C2) using bromide ions, where 

it was observed that the addition of bromide ion allowed selective isolation of the Fe5C2 phase 

instead of Fe3C  (thermodynamically most stable). The use of chloride ions was reported by 

Carpenter and co-workers4 to allow Fe7C3 and Fe3C isolation,1 while Gao and co-workers used 

chlorides to isolate Fe2C, Fe3C, and Fe5C2.184 Both Ma and Carpenter expanded the use of halides 
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by demonstrating selective isolation of Co2C instead of Co3C.185 The control of FexCy phase by 

addition of halide ions was attributed to bonding of the Fe to the halide through via Bader charge 

analysis.184 While the role of halide salts on phase control is widely believed to reflect control of 

monomer activity, no comparative study of halide species have been performed, nor have 

bimetallic carbides been investigated, where phase control is more complex. Furthermore, halide 

mediated synthesis has not yet been translated to the ternary (FexCo1-x)yCz system.  

Herein, we investigate the effect of halides on the isolation of pure phase bimetallic FeCo 

nanocarbides (FexCo1-x)yCz through the pairin g of experimental and computation- al strategies to 

further elucidate the mechanism of systematic synthetic control. The results of the study cleanly 

delineate regions of phase stability for Fe:Co metal ratios under selective halide concentrations. 

The impact of changing the halide salt, its concentration, and the metal ratio on conversion to a 

carbide phase was investigated. DFT calculations performed on the addition of carbon in the 

presence of the alkylamine at FeCo (110) facet allowed the competitive binding of the halide to 

the surface to be evaluated. The energetics from DFT provide a model where C diffusion in and 

out of the nano-carbide is controlled by surface stabilization. The observations in the nanocarbide 

synthesis via a thermal decomposition of a PBAs analogue provides a strategy to control of phase 

in a broader class of materials known as MX-ides (oxides, sulfides, selenides, phosphides, and 

nitrides). The ability to isolate bimetallic carbides of discrete -phases and potentially apply the 

strategy to multimetallic carbides, could provide a means for the catalytic community to test the 

hypothesis that catalytic performance is dependent on crystal structure and material composition 

for high-value multimetallic M-Xide families. 
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4.3. Experimental Methods 

All commercially available reagents were used without further purification. Precursors for 

FeCo PBAs are K3Co(CN)6 and K3Fe(CN)6 (Sigma Aldrich, > 99%), KCl (Sigma Aldrich, 98%), 

CoCl2·6H2O (Thermo Fisher, > 99%), and FeCl2·4H2O (Thermo Fischer, > 99%). Solvents used 

for synthesis were ultrapure water (18.2 Ω/cm, Thermo Fisher Barnstead E-Pure Ultrapure 

filtration system), octadecylamine (Acros Organics, 90%), Acetone (VWR, ACS Grade), Toluene 

(VWR, ACS Grade). 

4.3.1. General Synthesis of FeCo Prussian Blue Analog (PBA) Precursor. To produce 

the PBA precursors, two solutions are prepared and combined, creating the coordination polymer 

through a precipitation reaction. The stoichiometric ratios of the metals are controlled by adjusting 

the ratio of precursors in these solutions. In solution one, 5 mmol of KCl, x mmol K3Fe(CN)6 (x = 

0, 0.1, 0.5, 0.9, 1), 1-x mmol K3Co(CN)6 (y = 1, 0.9, 0.5, 0.1, 0), 10 mL of ultrapure water, and a 

magnetic stir bar are added to a 100 mL round bottom flask. Solution two consists of 1 mmol of 

either FeCl2 ( > 50% Fe) or CoCl2 (< 50% Fe) and 20 mL of ultrapure water are added to a 50 mL 

beaker. Solution two is then dropwise added to solution one at a rate of 5 mL/min and vigorously 

stirred. The subsequent reaction solution is left on the stirring for 1 hour to grow the PBA. The 

PBA are collected via centrifugation, washed with 30 mL of ultrapure water and dried in a furnace 

at 90°C for approximately 1.5 hrs, or until dry. The PBA precursors are characterized using pXRD, 

SEM, and XRF.  

4.3.2. General Synthesis of Phase − Controlled (FexCo1-X)YCz. In the typical synthesis, 

200 mg of solid PBA, 0.1 to 3 mmol of tetrabutylammonium halide (TBAX, where X= F−, Cl−, 

Br−, I−), and 20 mL of octadecylamine (ODA) are added to a three-neck round bottom flask 

equipped with a condenser and heated to 330°C under inert air for 1 hour. The reaction is 
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subsequently quenched using toluene and the resultant nanocarbide is collected via centrifugation. 

The nanoparticles are washed with toluene (3x), acetone (1x), ultrapure water (3x), and again 

acetone (1x). The nanoparticles are dried in an oven at 90°C for 15 minutes. The nanoparticles are 

characterized using pXRD and XRF. 

4.3.3. Materials Characterization. pXRD patterns of PBAs and PBA derived carbides 

were collected at room temperature on a Rigaku Miniflex powder diffractometer (Cu Kα 

source, λ = 1.54 Å, Supporting Fig. S3). The contributions of various crystalline phases were fitted 

and calculated as a percentage for each FexCo1−xCy, using the Halder – Wagner method as shown 

in Supporting Fig. S4. The elemental ratios in both PBA and nanocarbide were confirmed using 

XRF on a Panalytical Epsilon XRF analyzer (Cu Kα source, Supporting Fig. S2). Size and 

morphology of PBA precursors were investigated via SEM imaging (FEI Nova 400, 15 keV, 

Supporting Fig. S1). Size and morphology of the nanocarbides were estimated using ImageJ 

software (sample size = 10 particles) via TEM images, collected on a Tecnai Osiris TEM operating 

at 200 kV (Figure 2). 

4.3.4. Computational Methods. We used spin-polarized density functional theory 

(DFT)186 calculations within the Vienna Ab initio Simulation Package (VASP).187,188 The 

generalized gradient approximation (GGA)189 was used to account for the exchange correlations 

effect proposed by Perdew-Burke-Ernzerhof (PBE), and electron-ion interactions were described 

by the projected augmented plane wave (PAW)190 potentials. Bulk Fe in body-centered cubic (bcc) 

models the mono-metallic (101) surface, and FeCo in the bcc structure is taken to model the 

bimetallic (110) surface. Both surfaces consist of 72 atoms in an A-B-A-B stacking pattern; the 

monometallic surface has 72 Fe atoms, and the bimetallic surface consists of 36 Fe and Co atoms. 

The Mono-metallic carbides observed in our experiment in hexagonal Fe3C and orthorhombic 
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Co2C are used to model the Fe3C(001) and Co2C(101) surfaces, respectively; Fe3C(001) surface 

consist of 48 Fe and 16 C atoms, while Co2C(101) surface consists of 40 Co and 20 C atoms. The 

bimetallic carbide (FeCo)3C(001) surface was constructed by replacing three Fe atoms with Co 

atoms in a hexagonal Fe3C structure. It can have a Fe and Co-terminated surface; both terminated 

surfaces have 24 Co, Fe, and 16 C atoms. We used a supercell approach with a 3 × 3-unit cell 

(metallic and bimetallic surface) and 2×2-unit cell (mono-metallic barbide and bimetallic carbide) 

having four layers in a slab; the bottom two layers were fixed at the bulk position, and the top two 

layers were allowed to relax. Periodic interaction between the slab was minimized by a vacuum of 

18 Å along the c-axis. We set an energy cut-off of 420 eV for total energy calculations, and a 

Brillion zone sampling was carried out using a Monkhorst-Pack190 grid of 3×3×1 for the surface 

slab. A relaxed geometry was obtained when the force on each atom was less than 0.01 eV/Å and 

energy convergence of 10-5 eV.  

4.3.5. Electrode Preparation. A catalyst slurry was prepared using 1mg of catalyst 

powder and 1mL of methanol. The slurry was sonicated until homogenized ~ 1 minute and then 

the suspension was dropcasted onto the carbon working electrode (5 mm x 4 mm) of a Pine 

Instruments carbon screen printed electrode (SPE). The mass loading onto the surface of the 

electrode is approximately 0.1 mg/cm2. The electrodes were dried at room temperature for about 

30 minutes before electrochemical measurements were performed.  

4.3.6. Electrochemical Measurements. All electrochemical measurements were 

performed using a Pine Research 3 electrode screen printed electrode system, connected to a CH 

660E potentiostat. The SPEs contain a carbon working and counter electrode as well as a Ag/AgCl 

reference electrode. For OER measurements, 1M KOH electrolyte was used and for HER, 1M  
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H2SO4 electrolyte was used. All potentials were converted to the reversible hydrogen 

electrode potential using equation 10. 

(Eq. 10)  Evs. RHE = Evs. Ag/AgCl + 1.009 V 

The potentials vs RHE were then used to calculate the overpotentials for OER using equation 11. 

(Eq. 11)  η = Evs. RHE -1.23 V 

Figure 4.1: SEM imaged of select FeCo PBA precursors, sizes range from 50 to 150 nm 
depending on the ratio of Fe to Co. Histograms for size analysis are shown below. 
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4.4 Results and Discussion 

4.4.1 Tuning FexCo1-xCy Phase via Synthetic Parameters.  As shown schematically in 

Figure 4.2A, a set of high temperature solution collapse of Fe:Co PBAs were carried out in the 

presence of tetrabutyl ammonium halides (TBAX where X = F−, Cl−, Br−, I−). The reaction details 

are provided in APPENDIX B. The systematic evaluation of TBAX concentration at various Fe:Co 

Figure 4.2. a) Schematic for the thermal conversion of mesocrystal Fe/Co PBA to nanocrystal 
MxCy in the presence of octadecylamine (ODA) and TBAX (X= F, Cl, Br, I). b) 
Thermodynamically stable MxCy phases for the (FexCo1-x)yCz system. c) Selected pXRD of 
isolated pure phase MxCy nanocrystals with reference patterns for phase assignment. Green 
represents M2C phase (COD: 1528415), light blue represents M7C3 phase (ICSD: 76830), dark 
blue represents M5C2 phase (ICSD: 423885), purple represents M3C phase (ICSD: 42542), and 
black represents the M FeCo metal alloy (ICSD:102381).  
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metal ratios on the phase isolation of the carbide and the change in metal ion ratio for the isolated 

carbide following thermal conversion of bimetallic Fe:Co PBAs provides insight into the ability 

to target composition and structure phase. All reactions were carried out for 1-h in boiling 

octadecylamine (ODA) under N2 to avoid oxide formation. The ratio of Fe to Co in the bimetallic 

PBAs were prepared by addition of controlled ratios of M(II) chloride to M(III) cyanometallate 

salts of Fe and Co to ensure Fe:Co composition, as previously described.23 The PBA starting size 

is Fe:Co ratio dependent and ranged from 50 – 150 nm with a 20% size distribution (Figures 4.1 

and 4.4). Isolation of the nanocarbide from the reaction is accomplished by centrifugation followed 

by magnetic separation from a toluene solution (XRF ratios for all resultant nanocarbides are 

reported in APPENDIX B).  

In Figure 4.2B, the MxCy nanocarbide crystal phases for Fe and Co carbides that can form 

are shown. The isolated phases for each reaction condition are evaluated by the whole pattern 

fitting of the pXRD patterns available in APPENDIX A. In the data set, it is assumed that a pure 

phase is present if the fitting yields >95% of a single phase. For each reaction carried out, the 

isolated nanocarbide size is extracted from the pXRD data using Halder-Wagner pattern fitting, 

assuming a spherical particle.  

Inspection of the results for each reaction in Tables 4.1 and 4.2, as well as APPENDIX B, 

reveals the reaction primarily produces mixed crystallographic phases. At certain combinations of 

TBAX and Fe:Co ratios, a single phase can be selectively isolated for the M2C, M7C3, M5C2, M3C, 

and M structural type. 
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Figure 4.3: XRF elemental analysis of FeCo PBA with varying ratios of Fe:Co. Blue represents 
Fe %  and pink represents Co %.  
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Figure 4.4: pXRD patterns of FeCo PBA precursors. The reference patterns for CoCo 
(ICSD: 45154 pink) and FeFe PBA (ICSD: 23102 blue) are shown as vertical bars. 
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Table 4.1. Synthetic parameters for the isolation of pure phase materials. Initial % Fe reflects 
the XRF ratio for the PBA precursor and the final % Fe reflects the XRF ratio for the carbide. 

Isolated 

FeCoC 

Phase 

Ref Card TBAX [TBAX] mmol Time (hr) Temp (°C) % Fe Initial % Fe Final 

M3C ICSD:42542 TBAC 0.1 1 350 60 60 

M2C ICSD:423885 TBAC 0.5 1 350 19 16 

M2C COD:1528415 TBAC 1 1 350 19 10 

M2C COD:1528415 TBAC 2 1 350 19 8 

M2C COD:1528415 TBAC 2 1 350 35 13 

M7C3 ICSD:76830 TBAC 3 1 350 80 72 

M2C COD:1528415 TBAB 0.5 1 350 19 14 

M2C COD:1528415 TBAB 1 1 350 19 7 

M2C COD:1528415 TBAB 1 1 350 35 11 

M2C COD:1528415 TBAB 2 1 350 19 5 

M2C COD:1528415 TBAB 3 1 350 19 3 

M ICSD:102381 TBAB 3 1 350 35 3 

M ICSD:102381 TBAB 3 1 350 80 28 

M2C COD:1528415 TBAI 0.5 1 350 19 10 

M2C COD:1528415 TBAI 0.5 1 350 35 26 

M ICSD:102381 TBAI 3 1 350 19 4 

M ICSD:102381 TBAI 3 1 350 35 9 

M ICSD:102381 TBAI 3 1 350 60 11 

M5C2 ICSD:423885 TBAI 3 1 350 80 35 
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Table 4.2. Resultant phases for the TBAX and TBAX concentration studies on the 60% Fe 
FexCoyC sample. Initial % Fe reflects the XRF ratio for the PBA precursor and the final % Fe 
reflects the XRF ratio for the carbide. 

Isolated 
FeCoC 
Phase 

Ref Card(s) TBAX [TBAX]  
mmol Time (hr) Temp (°C) % Fe  

Initial 
% Fe  
Final 

M2C,M3C, 
M5C2 

ICSD:423885, 
ICSD:42542, 
ICSD:423885 

− − 1 350 60 65 

M2C,M5C2 ICSD:423885, 
ICSD:423885 TBAF 0.5 1 350 60 58 

M2C,M5C2 ICSD:423885, 
ICSD:423885 TBAF 1 1 350 60 57 

M2C,M5C2 ICSD:423885, 
ICSD:423885 TBAF 2 1 350 60 58 

M2C, M3C ICSD:423885, 
ICSD:42542 TBAC 0.1 1 350 60 60 

M2C,M3C, 
M7C3 

ICSD:423885, 
ICSD:42542, 
ICSD:76830 

TBAC 0.5 1 350 60 57 

M2C,M3C, 
M7C3 

ICSD:423885, 
ICSD:42542, 
ICSD:76830 

TBAC 1 1 350 60 57 

M2C,M3C, 
M7C3 

ICSD:423885, 
ICSD:42542, 
ICSD:76830 

TBAC 2 1 350 60 44 

M2C,M3C, 
M7C3 

ICSD:423885, 
ICSD:42542, 
ICSD:76830 

TBAC 3 1 350 60 44 

M3C,M5C2 ICSD:42542, 
ICSD:423885 TBAB 0.5 1 350 60 55 

M2C,M3C, 
M5C2 

ICSD:423885, 
ICSD:42542, 
ICSD:423885 

TBAB 1 1 350 60 46 

M2C,M3C, 
M5C2 

ICSD:423885, 
ICSD:42542, 
ICSD:423885 

TBAB 2 1 350 60 21 

M2C,M3C, 
M5C2 

ICSD:423885, 
ICSD:42542, 
ICSD:423885 

TBAB 3 1 350 60 6 

M2C,M3C, 
M5C2 

ICSD:423885, 
ICSD:42542, 
ICSD:423885 

TBAI 0.5 1 350 60 56 

M2C,M3C, 
M5C2 

ICSD:423885, 
ICSD:42542, 
ICSD:423885 

TBAI 1 1 350 60 45 

M5C2, M ICSD:423885, 
ICSD:102381 TBAI 2 1 350 60 24 

M ICSD:102381 TBAI 3 1 350 60 11 
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Representative pure phase pXRD patterns for the shown conditions are plotted Figure 4.2C. 

The plots in Figure 4.2C correspond to reaction conditions for 35% Fe sample with 1 mmol of 

TBAB for the M2C orthorhombic phase (COD: 1528415), 80% Fe sample with 3 mmol TBAC to 

yield M7C3 phase (ICSD: 76830), 80% Fe sample with 3 mmol TBAI to yield the M5C2 phase 

(ICSD: 423885), 60% Fe sample with 0.1 mmol TBAC yields the M3C phase (ICSD: 42542), and 

the cubic FexCo1-x metal alloy (M) (ICSD:102381) is for the 80% Fe sample with 3 mmol TBAB. 

The concentration of Fe in the PBA and carbide (initial and final), as well as all other synthetic 

parameters used to isolate pure phase materials are reported in Table 4.1, Table 4.2, APPENDIX 

B. Whole pattern fitting of the pXRD supports the assignment of pure phase in the isolated 

nanocrystals, but due to broadening of pXRD arising from the nanoscale dimensions, the phase 

purity and crystallinity of the nanocrystal is difficult to fully ascertain. In Figure 4.5, bright field 

TEM images on the carbide materials are presented. Figures 4.5a – d show low magnification 

images (magnification 40-150kx), with Figure 4.5e – h showing higher magnification (800k-

1.2Mx), allowing fringe analysis. Figure 4.5i shows the particle and aggregate size analysis from 

the TEM. Electron diffraction for single nanocrystals is provided in Figure 4.6.  

TEM imaging on M5C2 and M7C3 shows well defined faceted nanocrystals. It is worth 

noting that the M7C3 has smaller NPs (3 nm) observable at high magnification. The M2C and M3C 

Figure 4.6: Electron diffraction images of all pure phase FeCo nanocarbides.  

M2C M7C3 M5C2 M3C
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phases exhibit aggregates of nanocrystals. The M2C sample appears to aggregate as spherical 

particles that have an average size of 240 nm in diameter composed of spherical particles with an 

average size of 18 nm (Figure 4.5e). The M5C2 sample aggregates as truncated rectangular crystals 

with an average width of 37 nm, comprised of smaller, somewhat rectangular particles with an 

average width of 7 nm (Figure 4.5f). The M7C3 aggregates into larger more crystalline rectangular 

crystals with an average length of 120 nm, which are composed of smaller spherical particles with 

 

i) 

Nanocarbide 

Phase 

M2C M5C2 M7C3 M3C 

Particle Size 

(nm) 
18 +/- 8 7 +/- 2 2.9 +/- 0.6 16 +/- 4 

Aggregate 

Size (nm) 

240 +/- 

108 
37 +/- 20 120 +/- 81 108 +/- 34 

 

Figure 4.5: a-d) Low magnification TEM images showing aggregate morphology of pure 
phase nanocarbides. e-f) High magnification TEM images of single particles of each carbide 
phase indexed to matching lattice fringes with measured d-spacing. i) Table of single particle 
size and aggregate size. 
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an average diameter of 3 nm (Figure 4.5g). The M3C sample appears to aggregate as cubes that 

are comprised of spherical particles. The aggregates have an average width of 108 nm, and the 

spheres have an average diameter particle size of 16 nm (Figure 4.5h). Interestingly, the M3C 

sample illustrates how the PBA’s cubic sacrificial template has retained the mesoscale morphology 

yet is composed of smaller nanoscale carbides. 

Fringe analysis on the high magnification data confirms that the assigned phase does not 

exhibit polycrystallinity within a nanocrystal. The M2C phase sample was indexed based upon a 

d-spacing of 2.422Å correlating M2C (110) lattice plane. Lattice fringe analysis reveals a d-spacing 

match of 5.739 Å to the (002) lattice plane of the M5C2 phase. Lattice fringe analysis reveals a d-

spacing match of 2.487 Å, which correlates to the (22�1) lattice plane of the M7C3 phase. The M3C 

material has a d-spacing match of 2.183 Å, corresponding to the (002) lattice plane of the M3C 

phase. The fringe analysis assignments are confirmed by inspection of the electron diffraction 

patterns in Figure 4.6. The well-defined diffraction patterns arising from single particles are 

consistent with the observed faceting of the identified phases. The lack of amorphous rings or 

significantly different diffraction patterns supports the single-phase assumption from Figure 4.2.  

Insight into the phase stability under the reaction conditions can be elucidated by replotting 

APPENDIX B in terms of a reaction phase space plot for each TBAX reaction condition (Figure 

4.7). A cursory glance at the plot reveals reaction conditions lacking TBAX (Figure 4.7a), for 

Fe:Co ratios of < 60%, M3C is the predominate species isolated from the reaction, while at > 60% 

M5C2 and M7C3 are the primary phases formed with loss of the M2C and M3C component. Addition 

of TBAX to the reaction leads to M2C being the dominant component with M3C being a minor 

phase for all halides and Fe:Co ratios below 60%. M3C appears at >60% Fe:Co. At 80% Fe:Co in 

TBAI, the M5C2 phase is dominant, while in TBAC M7C3 is dominant. The results lead to the  
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Figure 4.7. Phase diagrams produced from experimental Fe concentration, halide species, and 
halide concentration studies. A) phase composition as a function of TBAF and Fe concentration. 
B) phase composition as a function of TBAC and Fe concentration. C) phase composition as a 
function of TBAB and Fe concentration. D) phase composition as a function of TBAI and Fe 
concentration. Dotted white lines are placed between Fe concentration studies for clarity. 
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conclusion that M2C, M5C2, and M3C are competitive phases in the reaction space for binary metal 

carbides. The observation of mixed carbide phases with Fe3C and Co2C being reported as the 

predominant observed phase for Fe:Co binaries is consistent with the observations in Figure 

4.7.10,23,52,142 

Closer inspection of Figure 4.7 reveals stability regions can be identified in the reaction 

phase space that yield pure phases as reported in Table 4.2. The M alloy is observed at high 

concentrations of TBAB and TBAI. At 3 mmoles TBAF, metal fluoride contamination with metal 

carbides is observed, as shown in APPENDIX A. Single phase M3C is isolated (> 95% of the 

composition) for 60% Fe with 0.5 mmol TBAC. The pure M5C2 phase isolated at 2 mmol TBAI 

for the 60% Fe sample. The pure phase M7C3 is observed to be isolable at high iron concentration 

with TBAC added. Pure phase M2C can be isolated in TBAC and TBAB for 19% Fe at < 3 mmol 

TBAX. The result is consistent with reports on halide directing phase iron and cobalt monometallic 

carbides.174,180–183 

The general trends for the reaction phase space as a function of TBAX and Fe:Co metal 

ratio shows that the halide is critical in directing the phases that form across the Fe:Co ratios. For 

all TBAX and TBAF reactions (Figure 4.7A and B), only mixed phase materials are isolated across 

all Fe:Co metal ratios. The phase composition varies with the Fe:Co ratio. The contribution of M3C 

decreases with increasing iron content in the 0 TBAX reaction condition. Increasing iron content 

is observed to favor moderate amounts of carbon containing carbides, while higher cobalt leads to 

lower carbon content phases being formed. It is noteworthy that in the TBAF reaction, the M3C 

phase appears in the mixed composition only at 80% iron and 19% iron, while for 0 TBAX the 

M3C phase shows a decreasing contribution across as iron content increase, with no appearance of 
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the phase at 80% iron. For TBAB and TBAI (Figure 4.7 C and D), the trend continues with a 

steady shift to lower carbon content in the compositions as the amount of iron increases. 

4.4.2. Theoretical Evidence of Halide Influence on Carbide Formation. Metal 

nanocarbides can form by diffusion of carbon into (folding in) and out of (ejection of) a preformed 

nuclei. Earlier studies on the thermal decomposition reaction that converts PBA to the metal 

carbide suggest that the carbon is formed by the decomposition of the cyanide linker (CN) to form 

 
Figure 4.8: Top view of adsorption sites on mono-carbide and bimetallic carbide surfaces a) 
Fe3C(001) surface b) Co2C(101) surface c) Fe-terminated FeCoC(001) surface and d) Co-
terminated FeCoC(001) surface.  
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NCN- and C as products, diffusion of the NCN- out of the decomposing PBA (nucleating metal 

carbide), and growth of the metal carbide by cyclic decomposition of the cyanide.10 Growth of 

metal carbides from a  nanometal has been shown to occur through carbon folding into the metal 

alloy by thermal decomposition of solvents, ligands, or other organic species in solution.20,158  

Thus, during carbide formation and subsequent thermal processing, it is possible that carbon 

diffusion represents an equilibrium problem. To understand the carbide formation at various metal 

contents, the stability of the carbon (C) as an adatom to the surface of a metal and a carbide must 

be evaluated. Additionally, this equilibrium process of C diffusion is anticipated to be impacted 

by the binding of the halide (X = F-, Cl-, Br-, and I-) anion and, therefore, must also be taken into 

consideration. 

In earlier reported DFT calculations on carbide formation from a metal through C diffusion 

into the metal, it was observed that the binding energy (BE) of the C in the presence of chloride 

was impacted.184 It was reported that Cl and C have competitive BEs; however, the impact of the 

X series on the BEs and subsequent carbide phase was not reported. Building upon the earlier 

reports and to evaluate all possible C diffusion equilibrium and understand the TBAX relationship 

on phase isolation, first-principles density functional theory (DFT) calculations were performed to 

compute the BEs of X vs. C atoms on the Fe3C(001), Co2C(101), Fe-terminated (FeCo)3C(001), 

Co-terminated (FeCo)3C(001), and FeCo bimetallic(110) surfaces.  

The 1st X/C/NH3 binding affinity at the five available sites in each slab model is shown in 

APPENDIX B and Figure 4.8. For the Fe3C surface, the identifiable sites are Fe top, Fe-hollow, 

hollow, 1-C-hollow, and 2-C-hollow (Figure 4.8a). For the Co2C, the sites are Co top, Co-hollow, 

hollow, 1-C-hollow, and 2-C-hollow (Figure 4.8b). The Fe terminated (FeCo)3C has sites Fe top, 

Co-hollow, hollow, 1-C-hollow, and 2-C-hollow (Figure 4.8c); while the possible sites on Co 
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terminated (FeCo)3C are Co-top, Fe-hollow, hollow, 1-C-hollow, and 2-C-hollow (Figure 4.8d). 

On FeCo (110), the available sites are Fe-hollow, Co-hollow, Co-top, and Fe-top(Figure 4.8e).  

Comparing the impact on C BE in the presence and absence of X provides insight into the 

stability of the carbide phase, indirectly reflecting the energetics of C diffusion. The BEs for the 

second absorption of the X, C, and the alkylamine (modeled as NH3) are shown in Figure 4.9g. 

Figure 4.9a-f shows the energetically most stable sites for the second adsorption of the C or X on 

Figure 4.9 Top view of 2nd adsorption sites on binary and ternary carbide, and metal alloy 
surfaces. a) Fe3C(001) surface b) Co2C(101) surface c) Fe-terminated FeCoC(001) surface and 
d) Co-terminated FeCoC(001) surface e) FeCo (110) F and Br  2nd adsorption site, f) C, Cl, I 
2nd adsorption site, and g) plot of 2nd adsorption energies 
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the pre-adsorbed C surfaces. The reference energy of C is obtained from the energy of the C atom 

in the graphite bulk phase. The reference energy of the halide anions (X) is calculated as ½ the 

total energy of the diatomic X2 in the molecular state. The data is provided in Figure 4.9 and in the 

APPENDIX B. BE calculations using the reference energy of X obtained from X optimized in an 

atomic state are also performed, and the results are included in APPENDIX B for the bimetallic 

FeCo(110) surface. The data shows that changing the reference state of X changes the absolute 

values of BEs but not the trends. 

From the BE calculations, the most stable site for C adsorption on the Fe3C (001) surface 

is the 1-C-hollow site, with DFT calculated energies for the 2nd adsorption (in C pre-adsorbed 

Fe3C(001) surface) of F, Cl, Br, and I as -4.26 eV, 2.48 eV, -2.30 eV, and -3.21 eV respectively. 

The most stable site for C adsorption on the Co2C (101) surface is the 2-Co-hollow, with DFT 

computed energies for the 2nd adsorption of F, Cl, Br, and I as -3.93 eV, -1.76 eV, -1.60 eV, -2.50 

eV. The most stable site for C binding on the Fe-terminated (FeCo)3C (001) surface is hollow, 

with DFT calculated 2nd adsorption energy for F, Cl, Br, I of -4.28 eV, -2.53 eV, -2.35 eV, and -

3.27 eV. The most stable site for the Co-terminated (FeCo)3C (001) surface is also the hollow with 

2nd adsorption energies for F, Cl, Br, and I of -3.90 eV, -2.40 eV, -2.25 eV, -3.29 eV. On the FeCo 

(110) surface, there are 2 stable sites for second F/Br and Cl/I adsorption, and these sites are at the 

1-Co-hollow and 1-Fe-hollow, respectively. The DFT computed binding energies for second F-, 

Cl-, Br-, I- adsorption on C pre-adsorbed FeCo (110) surface are -11.30 eV, -1.36 eV, -1.87 eV, 

and -3.18 eV. The opposite calculations of halide pre-adsorbed surfaces with a halide or carbon 

2nd adsorption are shown in APPENDIX B. 

Since the reactions are carried out in octadecylamine, and the RNH2 group is the surface 

passivation layer, the impact of RNH2 on X/C binding at the FeCo (110) face needs to also be 
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considered. The details of the calculations are available in APPENDIX B. The alkylamine (RNH2) 

is modeled as the ammonia molecule (NH3) to mimic the passivating ligand. Our DFT results show 

that on the carbide phases, the BE of NH3 and C are nearly identical, although the NH3 is less 

stable on Fe3C. On the metal alloy, NH3 is the second most stable, which can be rationalized by 

the Lewis basicity of the amine interacting with the acidic metal sites. In addition, the NH3 is less 

stable on an iron carbide phase relative to the cobalt carbide phase. This observation supports our 

experimental data from Figure 4.7 where the major phase isolated amongst all Fe percentages was 

the M2C (Co2C phase type).  The observation suggests reactions carried out in alkylamines may 

restrict carbon diffusion into the preformed metal carbide from PBA collapse, and potentially the 

lowering of the barrier for carbide formation, as reported earlier.163  

In the DFT models computed of pre-adsorbed C, the trend from greatest to least stable 

absorbate follows F- > I- > Cl- > Br-. The order of stability reflects contributions from 

electronegativity and softness of the X. This trend seen in both binary and ternary carbides is 

important as it supports our experimental results of tuning carbide phase accessibility based on X 

species, where the energies of each X entity are different but close in magnitude. Calculations on 

the metal carbide and metal alloy confirm that binding the X to the surface when a C atom is pre-

adsorbed is more favorable than adding an additional C atom. In addition, the DFT results support 

our earlier conclusion that RNH2 passivation lowers the thermodynamic barrier for carbide 

formation.10 This implies that the presence of the X in the metal carbide may reduce the probability 

of carbon diffusion into the metal carbide through C folding. The diffusion of carbon out of the 

material would likewise be expected to be impacted, in the presence of a bound X, as the energy 

of binding is higher (less negative) for C on the carbide surface regardless of the carbide phase. 

By comparison, the metal alloy favors C diffusion into the alloy relative to the halides except for 
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F. The DFT results, in general, suggest that X-mediated synthesis promotes the formation of metal-

rich carbide phases, which agrees with experimental results in Figure 4.7. In Figure 4.7, the carbon 

content increases with decreasing halide size for a given iron to cobalt metal ratio.  While the 

halide competes with the alkylamine for binding at the surface of the growing nanocarbide, the 

halide is more favorable based on DFT modeling. This suggests that the alkylamine passivating 

ligand is most likely not involved in phase control.  Since the DFT predicts the C adsorption at the 

surface is nearly the same energy as the RNH2, the DFT supports the earlier conclusion that RNH2 

is critical for the formation of the carbide in a PBA decomposition reaction.163,191 

4.4.3. Carbide Isolation and Stability. The experimentally observed phases and the DFT 

modeling predict that carbon diffusion is impacted by the presence of the halide, whether this is 

due to changes in metal activity, carbide formation energies, or changes in surface adsorption of 

C is less clear. It is well known that TBAX thermally decomposes to generate halide ions that can 

form alkyl halides through SN2 reactions.192,193 By analogy, it is believed thermal decomposition 

of the TBAX leads to halide release at < 150°C and subsequent halide attack on PBA lattice 

vacancies where water termination of metal sites exists. As a result, the formation of the 

nanocarbide from the PBA is anticipated to be modified by the polarizability of the halide species. 

To evaluate the role of the halide in the conversion to form the nanocarbide, scanning differential 

thermal analysis (SDT) on the 19% Fe samples at 1 mmol TBAX is shown in Figure 4.10, and the 

temperature for carbide and alloy formation presented in Table 4.4. The TBAF shows water loss 

at 100°C consistent with TBAF being hygroscopic. This leads to a water loss feature at 117°C in 

TBAF, but no water loss feature for TBAC, TBAB, and TBAI. In Figure 4.10, the TBAF SDT 
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shows signal loss due to an instrumental error. As previously reported in the absence of TBAX, 

water loss from the PBA and subsequent PBA reconstruction occurs at < 300°C, the loss of NCN 

leads to carbide formation above 300°C, and the alloy is isolated at temperatures exceeding 

500°C.163 In the presence of TBAX, the SDT data reveals no defined water loss event and the PBA 

to carbide transition occurs at lower temperature (235°C, TBAI  275°C, TBAF) and the 

nanocarbide is thermally stable up to 505°C, TBAF  515°C, TBAI. The SDT data shows that 

the presence of TBAX has no defined water loss event, as previously observed in the absence of 

Figure 4.10. Scanning differential thermal analysis (SDT) studies on 19% Fe (Fe0.19Co0.81C) 
with 1 mmol of TBAX to the reaction. The water loss, PBA to nanocarbide, and nanocarbide 
to alloy regions are identified. The interpolated curve for TBAF is shown as a red dashed line.  
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TBAX,10 which suggests replacement of the water in the PBA vacancies by the TBAX or halide 

ion occurs upon mixing. The transition to the alloy also shows a decrease in temperature relative 

to no TBAX and is largely constant across the TBAX series. Although beyond the scope of the 

study, the data implies the nanocarbide is anticipated to be stable up to ~500°C for catalytic 

applications, while the alloy could be used for high temperature catalysis. In the SDT, the 

conversion to the nanocarbide shifts to a lower temperature for the halide series as a function of 

halide polarizability (TBAF  TBAI). The dependence on polarizability is consistent with hard-

soft acid base theory, and the DFT formation energy predictions in Figure 4.9. For the no TBAX 

condition, the observed SDT transitions corroborate the speculation that the presence of the TBAX 

halide lowers the energy barrier for carbide formation. 

In Figure 4.11a, the accessible compositions for a given halide additive are plotted. The 

halide type, concentration, and ratio of Fe:Co dictate the phase that is isolated. The fact that the 

lowest energy carbide is M5C2, but the most isolated phase from the PBA thermal collapse is M2C, 

suggests that the reaction is kinetically controlled, and the addition of halides manipulates the 

precursor activity to provide phase control over carbides formation. Figure 4.11b shows the 

relative energies of the starting material (FeCo PBA), FeCo carbide, and FeCo alloy. The results 

Table 4.3. TBAX dependent temperatures for PBA to nanocarbide and nanocarbide to alloy 

formation. 

Sample PBA  Carbide  Carbide  Alloy 

19% No TBAX 285°C 570°C 

19% 1 TBAF 275°C 505°C 

19% 1 TBAC 260°C 510°C 

19% 1 TBAB 250°C 515°C 

19% 1 TBAI 235°C 510°C 
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from Figure 4.11a lead to modification of our earlier reaction mechanism hypothesis.10 The model 

in Figure 4.11b now shows where the impact of halide in the barrier height for carbide phase 

provides the kinetic control over the isolable carbide phase. The kinetic barrier likely reflects 

carbon diffusion during nucleation of the carbide phase as the PBA decomposes. In Figure 4.11c, 

the energies of the carbide phases are illustrated as compared to the precursor and alloy materials. 

The relative energies of the carbide phases are very close, which supports our experimental 

findings that specific experimental conditions (halide species, halide, and metal concentrations) 

are vital in the isolation of a target carbide phase. 

Reflecting the rich carbide phase diagram for metal carbides, it is important to evaluate 

carbide thermal stability. The stability of the nanocarbide can be evaluated by conducting 

annealing experiments on the carbide in octadecylamine at 350°C with 2 mmol TBAC, reveal no 

change in phase for a sample aliquot measured at 1 and 24 h for the 19%, 35%, 60% and 80% Fe 

Figure 4.11. a) a ribbon plot depicting carbide phase dependence on halide species. B) A 
reaction coordinate diagram describing the decomposition of PBA to carbide and metal alloy. 
The green dotted line represents the carbide formation thermodynamic barrier that is 
dependent on the presence of RNH2 and the light blue dotted line represents the alloy 
formation thermodynamic barrier which is dependent on the presence of X-. An inset showing 
the relative energies for each unique carbide phase is shown below. The colored dotted lines 
represent modulation of the thermodynamic barrier by varying halide species (TBAX) and 
halide concentrations ([TBAX]).  



109 
 

samples, as shown in Figure 4.12. The annealing study confirms the isolated carbide phase from 

the decomposition of PBA in alkylamine is halide and metal ratio dependent and the isolated 

carbide is stable under reaction conditions. The observed stability of the nanocarbide implies 

carbon diffusion into and out of the material is at equilibrium.  

Figure 4.12. Time dependent pXRD measurements of select ratios under 1 hr and 24 hr 
reaction times with the addition of 2 mmol TBAC. Pink bars represent the Co2C reference 
pattern, and blue bars represent the Fe7C3 reference pattern. 
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4.4.4. Electrocatalytic Activity. It has been demonstrated that in metal carbides, the metal 

species and metal ratio can influence the observed overpotential for HER and OER electrocatalytic 

activity.23,52,72,194 The phase of the carbide has also been hypothesized to influence catalytic 

activity for metal carbides.195,196 In Figure 4.13, linear sweep voltammograms and overpotential at 

Figure 4.13. Linear sweep voltammograms to evaluate electrocatalytic performance in HER 
a) and OER b) for each pure phase FeCo nanocarbide. The red dotted line represents the 
standard current densities required to be considered a catalyst. c) and d) are bar charts 
comparing the HER and OER overpotentials for each sample. Purple represents M2C, dark 
blue represents M7C3, light blue represents M5C2, green represents M2C, black represents the 
blank electrode.  
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10mA/cm2 are shown for the phase pure nanocarbides presented in Figure 4.2 (M2C: 11% Fe, 

M7C3: 28% Fe, M5C2: 35% Fe, M3C: 60% Fe). The linear sweep voltammograms were measured 

under alkaline conditions for OER and acidic conditions for HER on samples drop cast from 

methanol onto a carbon screen printed electrode. The lowest observed overpotential for OER and 

HER is for the M2C phase, with an increase in overpotential occurring as total metal content in the 

carbide increases. Inspection of the OER and HER overpotentials for the carbide phase studies in 

Table 4.4 reveals that the materials would be appropriate for application as an effective 

electrocatalyst for solar water splitting,40 since the combined overpotentials is less than 0.45 V. 

Further studies to interrogate the potential of nanocarbides for solar water splitting are underway. 

We have reported that increasing iron content leads to a lower decrease in overpotential for 

< 20% iron and an increase in overpotential at higher iron percentages in mixed phase Fe/Co 

carbides.23 For the reported data, it is important to note that in addition to changes in metal to 

carbon content in the phase, the Fe to Co ratio is changing with a higher Fe ratio corresponding to 

a higher metal content in the nanocarbide. The observation of a lower overpotential for lower metal 

content carbides in Figure 4.13 explains the observation in the earlier manuscript, implying phase 

purity is important in lowering overpotential in addition to metal concentration. The data clearly 

Table 4.4 Phase dependent HER, OER, and combined overpotential measured by linear 
sweep voltammetry. 

Phase % Fe ηHER (V) ηOER (V) Δη (V) ηOER− ηHER 

M2C 11 -0.082 0.180 0.262 

M7C3 28 -0.165 0.284 0.449 

M5C2 35 -0.215 0.290 0.505 

M3C 60 -0.376 0.327 0.703 
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indicates that to fully evaluate electrocatalytic activities both phase and metal ratio must be 

evaluated simultaneously. 

4.5. Conclusions 

 It is known that in thermal collapse mechanisms, ligand additives can control not only the 

rate of reaction but also the phase of the isolated material.197 In the case of PBA decomposition of 

bimetallic PBA mesocrystal precursors, the addition of halides is vital to the systematic control of 

metal carbide. The developed synthetic approach provides a means to selectively isolate targeted, 

single phase ternary (FexCo1-x)yCz materials by judicious choice of the halide additive and its 

concentration to control carbon adsorption and carbide growth.  The study supports the hypothesis 

that halides facilitate the isolation of a targeted carbide in the thermal decomposition reaction 

following the initial PBA to carbide step. The role of halides in controlling growth appears to be 

reflective of the carbon diffusion equilibrium into and out of the isolated carbide. Theoretical 

modelling supports the experimental conclusion that addition of halides to a PBA thermal 

decomposition reaction impacts the growth behavior and carbon incorporation into the isolable 

nanocarbides. The observed experimental dependence of the halide on the carbide phase, coupled 

to DFT modelling supports a mechanism wherein co-coordination of RNH2 and the halide impacts 

the thermodynamic stability of the carbon. The DFT observations support a two-step mechanism 

where carbon rich carbides form as PBA collapses, followed by carbon diffusion out of the 

material, leading to metal rich phases.  From the DFT BEs, the lower carbon stability in the Fe-

terminated carbide would suggest a higher metal to carbon material would be stabilized with 

increasing iron content.  The effect on the carbide phase with increasing iron was reported for 

mixed phase Fe-Co carbides previously.23 The isolated nanocarbides are thermally stable under 

the reaction conditions, and over a wide temperature range after isolation as shown by SDT 
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measurements.  The DFT modelling supports that the control reflects regulating the flow of carbon 

in and out of the materials.  

Our experimental results coupled with theory provide a guide to enable future researchers 

to make pure phase ternary carbides for catalytic studies, and potential for formation of phase 

control to the broader MX-ide family (O, P, N, S, Se, Te) which have been heavily studied in OER 

and HER electrocatalytic reactions.17,23,195,198–205,25–27,30,52,55,124,194 The phase pure carbides exhibit 

electrocatalytic activity that is phase dependent and could be used in solar catalysis based on the 

HER/OER overpotentials. Regardless of the future applications, the coupling of theoretical 

modelling in the prediction of reaction outcome is a power tool that enables a rapid advancement 

of materials. Further studies are underway investigating the catalytic and magnetic properties of 

the ternary (FexCo1-x)yCz range as well as expanding this work to related materials.  
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CHAPTER 5 

 

FROM MONOMETALLIC TO PENTAMETALLIC: SYNTHESIS OF PBA-
DERIVED MEDIUM AND HIGH ENTROPY NANOCARBIDES FOR THE 

OXYGEN EVOLUTION REACTION (OER) 
 

5.1 Introduction 

Nanoparticulate high entropy materials (HEMs) are of increasing interest for applications 

in catalysis due to their high surface area to volume ratio as compared to bulk counterparts as well 

as the synergistic “cocktail effect” that has been observed in enhancing catalytic activity and 

selectivity. 206–209 The quest for novel materials with superior mechanical, thermal, and electrical 

properties have created significant interest in the synthesis, characterization, and applications of 

high entropy carbides. Furthermore, investigations into these properties have revealed the 

exceptional performance of high entropy carbides in harsh environments, like high temperature, 

high pressure, and corrosive applications. HEMs are defined as solid solutions which contain five 

or more elements each contributing to an overall high configurational entropy that allows for 

increased stabilization of the otherwise metastable crystal. These materials are thermodynamically 

favored (- ΔG) as the elements occupy equivalent crystal lattice sites giving rise to a large entropic 

term (-TΔS) that can overcome any enthalpic contributions (ΔH) in the overall thermodynamic 

formation of the nanocrystal.160 High entropy carbides (HECs) therefore are carbon interstitial 

alloys which contain four or more metals. Carbide nanomaterials are generally said to be 

metastable kinetic phases as high temperature often disfavors the formation of nanomaterials.164 

Recently there have been efforts to produce colloidal nano-HEMs, however the control of 

elemental composition is highly dependent on uniform addition, availability, and reactivity of the 
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injected precursor solutions which pose a huge challenge in the ability to tune metal 

stoichiometries of resultant nanomaterials.160 One of the key challenges that remains is achieving 

precise control over the composition, size, and morphology of nanoparticles to tune their properties 

for specific applications. Furthermore, understanding the fundamental mechanisms governing the 

synthesis, phase transformation, and property enhancement of high entropy carbides is essential 

for advancing the field. Additionally, exploring new synthesis routes, developing scalable 

fabrication methods, and elucidating structure-property relationships will pave the way for further 

advancements in high entropy carbide nanomaterials. Recently, synthetic techniques such as 

mechanical alloying (ball-milling), arc melting, solvothermal synthesis, chemical vapor 

deposition, and template-assisted methods have been employed in an attempt to control the size, 

morphology, and composition of resultant nanomaterials. One solution to this issue is to implement 

a single source precursor method that allows for the control of all metal compositions 

simultaneously. Prussian blue analogues (PBAs) are a unique class of coordination polymers that 

allow for such stoichiometric control. Previously our group has shown the ability to control metal 

stoichiometries in our resultant nanocarbide materials in bimetallic and trimetallic systems through 

the use of PBAs as single source precursors.23,163  

Herein we expand our use of PBAs as single source precursors from monometallic all the 

way to pentametallic materials for the production of high entropy carbide materials containing up 

to five metals enabling us to tune the metal ratio of the HEC. Additionally, these materials are 

tested for activity as catalysts in electrochemical water splitting reaction (OER and HER).  

5.2. Experimental Methods 

All commercially available reagents were used without further purification. Precursors for 

all PBAs were K3Cr(CN)6 (made in house), K3Mn(CN)6 (made in house),  K3Fe(CN)6 (Sigma 
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Aldrich, >99%), K3Co(CN)6 (Sigma Aldrich, >99%), K2Ni(CN)4 (Alfa Aesar, >99%), KCl (Sigma 

Aldrich, 98%), CrCl3·6H2O (Sigma Aldrich, 98%), MnCl2·4H2O (Sigma Aldrich, 98%), 

FeCl2·4H2O (Thermo Fisher, >99%). CoCl2·6H2O (Thermo Fisher, >99%), and NiCl2·6H2O 

(Thermo Fisher, >99%). Solvents used for synthesis were ultrapure water (18.2 Ω cm−1 at 25.0 °C, 

Thermo Scientific Barnstead E-Pure ultrapure water purification system), octadecylamine (ODA) 

(Thermo Fisher, 90%), acetone (VWR, ACS Grade) and toluene (VWR, ACS Grade). 

  5.2.1. General Synthesis of Prussian Blue Analogue Precursors. All PBA precursors 

(from monometallic to pentametallic) are synthesized through a known precipitation method 

adapted from Hardy et al. Succinctly, two solutions are prepared, a 5mM solution of all 

cyanometallate salts in equimolar ratios which sum to 1 mmol, as well as a 10mM solution of all 

metal chloride salts in equimolar ratios which sum to 1 mmol with an additional 5 mmol KCl used 

as a chelating agent for the PBA formation. For monometallic solution one has 1 mmol 

cyanometallate salt and solution two has 1 mmol of metal chloride salt and 5 mmol of KCl, for 

bimetallic there are 0.5 mmol of each cyanometallate salt in solution 1 and 0.5 mmol of metal 

chloride salts with the added 5 mmol KCl. The same method is used for trimetallic, tetrametallic, 

and pentametallic PBAs. One solutions are prepared, solution 2 is slowly added to solution 1 and 

the resultant reaction mixture is stirred at room temperature for at least 2 hours to ensure PBA 

formation. The reaction mixture is centrifuged, the PBA is collected and then washed thrice with 

ultrapure H2O. The PBAs are dried at 120 °C for approximately 30 minutes or until completely 

dry. The PBAs are characterized by pXRD, SEM, EDX, XRF, SDT, and FT-IR.  

  5.2.2. General Synthesis of Nanocarbides. All nanocarbides (from monometallic to 

pentametallic) are synthesized through a high temperature organic synthesis method. In summary, 

200mg of the PBA precursor and 17.24g (20mL) of octadecylamine are added to a three-neck 
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round bottom flask equipped with a condenser. Under inert atmosphere the reaction mixture is 

heated to 350°C (BP of octadecylamine) for an hour and subsequently quenched with toluene. The 

resultant reaction mixture is centrifuged (hot ~ 150°C), the pellet is then washed thrice with 

toluene, once with acetone, thrice with ultrapure H2O, and once more with acetone. The resultant 

nanocarbides are dried @ 100°C for approximately 15 minutes or until dry. The nanocarbides are 

characterized by pXRD, XRF, SDT, and TEM. They are also electrochemically tested using linear 

sweep voltammetry (LSV).  

5.2.3. Materials Characterization. pXRD patterns of PBAs and PBA derived 

nanocarbides were collected at room temperature on a Rigaku Miniflex powder diffractometer (Cu 

Kα source, λ = 1.54 Å). Elemental ratios in both PBA and nanocarbides were confirmed using 

XRF on a Panalytical Epsilon XRF analyzer (Cu Kα source). Size, morphology, and elemental 

disribution of PBA precursors were investigated using SEM imaging on a Jeoul  (15 keV, ) 

equipped with an energy dispersive x-ray spectrometer (EDX). Size, size dispersity, and 

morphology of the PBAs and nanocarbides were estimated using ImageJ software (sample size = 

100 particles) using SEM and TEM images (collected on a Tecnai Osiris TEM, 200 kV). Scanning 

differential calorimetry was used to interrogate the thermal stability of PBA and nanocarbide 

materials, collected on a TA instruments Q600 ramp rate 10°C/min up to 700°C. 

5.2.4. Electrode Preparation. A catalyst slurry was prepared using 1mg of catalyst 

powder and 1mL of methanol. The slurry was sonicated until homogenized ~ 1 minute and then 

the suspension was dropcasted onto the carbon working electrode (5 mm x 4 mm) of a Pine 

instruments screen printed electrode (SPE). The mass loading onto the surface of the electrode is 

approximately 0.2 mg/cm2. The electrodes were dried at room temperature for about 30 minutes 

before electrochemical measurements were performed.   
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5.2.5. Electrochemical Measurements. All electrochemical measurements were 

performed using a Pine research 3 electrode screen printed electrode system, connected to a CH 

660E potentiostat. The SPEs contain a carbon working and counter electrode as well as a Ag/AgCl 

reference electrode. For OER measurements, 1M KOH electrolyte was used and for HER, 1M 

H2SO4 electrolyte was used. All potentials were converted to the reversible hydrogen electrode 

potential using the equation 11. 

(Eq. 11)  Evs. RHE = Evs. Ag/AgCl + 1.009 V 

The potentials vs RHE were then used to calculate the overpotentials for OER using equation 10. 

(Eq. 10)  η = Evs. RHE -1.23 V 

Tafel slopes were calculated from the linear kinetic region from the plot of log(j) vs η. 

5.3. Results and Discussion 

5.3.1. PBAs as Sacrificial Single Source Precursors. Previous work in the Strouse group at 

FSU has shown that Prussian blue analogues can be implemented as single source precursors for 

Scheme 1. Prussian Blue Analogues as functional single source precursor for the synthesis of 
high entropy carbides with controlled metal ratios. 
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the formation of monometallic and bimetallic nanocarbide materials.10,23,52,142 Additionally, it was 

found that the metal ratio of multi-metallic systems can be systematically tuned based on the 

composition of the PBA precursor23. In this work, we translate our synthesis to a multitude of 

nanocarbide materials showing that PBAs are an efficient, scalable, and rational single source 

precursor solution for the production of nanocarbides with controlled compositions from one metal 

to five metal systems. Scheme 1 illustrates the top-down synthetic pathway where PBAs are used 

as a sacrificial template to produce the resultant nanocarbide materials. For the formation of the 

carbide, the solvent and temperature of reaction are crucial. In earlier studies, we found that the 

reaction must be done at the boiling point of the solvent to obtain higher quality nanomaterials, 

Table 5.1. XRF confirmed elemental compositions for PBA precursors and PBA-derived 
nanocarbides.    

Metal Target % Actual % (PBA) Actual % 
(Carbide) 

Monometallic 
Ni 100 100 99 

Bimetallic 
Fe 50 38 38 
Ni 50 62 62 

Trimetallic 
Fe 33 32 30 
Co 33 38 36 
Ni 33 30 34 

Tetrametallic 
Cr 25 13 7 
Fe 25 30 27 
Co 25 28 32 
Ni 25 29 34 

Pentametallic 
Cr 20 13 12 
Mn 20 16 17 
Fe 20 24 24 
Co 20 27 27 
Ni 20 20 21 
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using this method can produce nanomaterials on the gram scale, and that the size of the resultant 

material is proportional to the PBA precursor size.10,52,191 Therefore all materials in this study were 

synthesized by decomposing PBA precursor in boiling octadecylamine for one hour.  

  5.3.2. Elemental Composition Verification of PBA and PBA – Derived Nanocarbides. 

The elemental composition of PBA precursors and PBA-derived nanocarbides were verified using 

XRF and SEM/EDS characterizations. The XRF values in table 5.1 show the ratio of metals in 

starting PBA materials is majorly maintained in the resultant nanocarbide. A complete list of XRF 

values for all nanocarbides produced with differing compositions from monometallic to 

pentametallic is shown in appendix c. Appendix C also includes XRF data from experiments in 

controlling the metal ratios in bimetallic to pentametallic systems. The elemental compositions 

were verified using SEM/EDX where XRF alone indicates the elemental make up in the sample 

as a whole but does not provide information on the distribution of the elements in the material. 

Figure 5.1 shows the SEM/EDX elemental mapping results for bimetallic to pentametallic PBA 

(5.1 a − d), and bimetallic to pentametallic nanocarbide (5.1 e − h). Each color corresponds with a 

metal; blue is Cr Kα, red is Mn Kα, green is Fe Kα, orange is Co Kα, and purple is Ni Kα. For a 

material to be considered a high entropy material, the elemental composition must be nearly one 

to one, contain randomly distributed elements (solid solution), and comprise at least 5 unique 

elements. As illustrated in 5.1, there is a random and proportional distribution of the elements in 

both PBA precursors and PBA-derived nanocarbides. To ensure there was a random and 

proportional distribution of metals in these samples, higher magnification images were collected 

and support the findings of the lower magnification results shown in figure 5.2. It is important to 

demonstrate the elemental proportions on a single particle for these materials to be categorized as 

high entropy. 
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 5.3.3. Morphology, Size, and Lattice Fringe Analysis of PBA – Derived Nanocarbides. 

Once elemental composition was confirmed, TEM images of the selected set of nanocarbides were 

executed shown in figure 5.3. Interestingly, the morphology of the nanocarbides does not change 

with different metal compositions. The range of morphologies seen in these materials are ____ to 

spheres. The pentametallic CrMnFeCoNiC nanocarbides (figure 5.3 a) show a spherical structure 

with an average size of 17 nm. The tetrametallic CrFeCoNiC nanocarbides (figure 5.3 b) show a 

spherical structure with an average size of 16nm. The trimetallic FeCoNiC nanocarbides (figure 

5.3 c) show a spherical structure with an average size of 11nm. The bimetallic FeNiC nanocarbides 

(figure 5.3 d) show a rod like structure with an average size of 55 +/- 15 nm.  The monometallic 

Ni3C nanocarbides (figure 5.3 e) show a hexagonal platelet like structure with an average size of 

Figure 5.1. SEM/EDS mapping elemental compositions on select as synthesized PBA 
precursors and PBA-derived nanocarbides. Blue represents chromium, red represents 
manganese, purple represents iron, orange represents cobalt, and green represents nickel. 
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86 +/- 26 nm. Interestingly, the nanocarbides decrease in size from monometallic to trimetallic and 

then slightly increase in size as the 4th and 5th metals are incorporated. Higher magnification images 

were gathered for lattice fringe analysis of the individual particles. Figure 5.3f shows the lattice 

fringes seen in the pentametallic nanocarbide, the fringe pattern was indexed to the d-spacing of 

1.55Å which matches the (2-16) lattice plane for the Ni3C crystal structure. Figure 5.3 g shows the 

lattice fringes seen in the tetrametallic nanocarbide, the fringe pattern was analyzed and matches 

the (4-20) lattice plane for the Ni3C crystal structure. Figure 5.3 h shows the lattice fringes seen in 

the trimetallic nanocarbide, the fringe pattern was analyzed and matches the (2-10) lattice plane 

for the Ni3C crystal structure. Figure 5.3 i shows the lattice fringes seen in the bimetallic 

nanocarbide, the fringe pattern was analyzed and matches the (1-12) lattice plane for the Ni3C 

Figure 5.2. TEM images of monometallic to pentametallic PBA-derived nanocarbides. a-e 
images are lower magnification to highlight morphological features whereas f-j are higher 
magnification images displaying lattice fringes within single particles. 

Table 5.2. TEM measured nanocarbide particle size.  
Sample CrMnFeCoNiC CrFeCoNiC FeCoNiC FeNiC Ni3C 

Particle 
Size 17 +/- 5 nm 16 +/- 3 nm 11+/- 2 nm 55 +/- 15 

nm 
86 +/- 26 

nm 
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crystal structure. Figure 5.3 j shows the lattice fringes seen in the monometallic nanocarbide, the 

fringe pattern was analyzed and matches the (2-10) lattice plane for the Ni3C crystal structure.  

   5.3.4. Structural Characterization of PBA and PBA – Derived Nanocarbides. The 

crystal structure of the PBA precursors (Figure 5.4a) and nanocarbides (Figure 5.4b) were 

investigated using pXRD analysis. All PBAs, except the Ni PBA, match well to the cubic Fm3m 

PBA structure type (ICSD: 89398) with a small shift (< 1°) of all reflections toward a higher 2θ 

indicative of a small lattice distortion as the crystal accommodates smaller elements into its 

coordination sites. The monometallic Ni PBA matches the tetrahedrally coordinated Prussian 

Figure 5.3. pXRD of monometallic to pentametallic a) PBA precursors and b) PBA-derived 
nanocarbides. Reference patterns are shown below. For a) a representative pattern of FeNi(CN)6 
was chosen as it is the most common structure type for PBA, and b) blue card represents the 
Ni3C phase (ICSD: 17005) , green card  represents Fe2C phase (ICSD: 42542), and pink 
reflections represent Co2C phase (COD: 1528415). 
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Blue Analogue structure (ICSD:28668) as Ni 2+ prefers to coordinate in a tetrahedral confirmation 

over octahedral to satisfy its octet. In figure 5.4b there is one major phase, Ni3C (ICSD: 17005), 

that is preferred by the majority of nanocarbides. In our other studies we’ve seen composition 

dependent phase evolutions in bimetallic FeCo and FeNi systems, where the metal ratio is critical 

in the separation of single phase materials. 23 Notably as the entropy of the system increases, more 

metals are added, there is an addition of phase complexity rather than the typical “cocktail effect” 

seen in literature where the increased entropy leads to a single more stable phase.162,210 This could 

be due to the fact that carbides are intrinsically metastable (kinetic) phases, therefore the resultant 

phase is dependent on a multitude of factors, not just composition alone.cite FeCo halide A library of 

all iterations of nanocarbides produced from differing compositions of  PBA are available in 

Appendix D.  

  5.3.5. Electrochemical Water Splitting Activities for PBA – Derived Nanocarbides. 

Carbides are materials of interest in many fields from biomedical to heterogenous catalysis for 

their diverse range of intriguing properties.20,150,158,211–213 Our previous work has shown 

PBA−derived nanocarbides as promising electrocatalysts for the OER and HER.23,52 A series of 

monometallic to pentametallic PBA−derived nanocarbides were tested for catalytic activity in the 

HER and OER shown in Figure 5.5. Figure 5.5a and b are the linear sweep voltammograms 

resultant for each material as well as a blank electrode. The LSVs were run in triplicate on a three-

electrode carbon screen printed electrode purchased from pine research in 1M H2SO4 electrolyte 

for HER measurements and 1M KOH for OER measurements with a catalyst mass loading of 0.1 

mg/cm2. No further optimization of the analytical method was performed. Surprisingly, the 

material that performed the best for the HER was monometallic Co2C. Although a trend correlating 

composition to increasing entropy was hypothesized, the results show no real trend for the HER. 
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The performance from best to worst HER electrocatalyst is Co2C > Fe3C > FeCoNiC > CrFeCoNiC 

> CrMnFeCoNiC > FeNiC > Ni3C with overpotentials of −0.220 V, −0.482 V, −0.559 V, −0.580 

V, −0.650 V, −0.672 V, and −0.681 V vs. RHE respectively. Interestingly, the best performing 

HER catalyst was also the best performing OER catalyst, Co2C which produced an overpotential 

of 0.543 V. The order for best to worst OER catalyst is Co2C > FeNiC > FeCoNiC > CrFeCoNiC 

> CrMnFeCoNiC > Fe3C > Ni3C with overpotentials of 0.543 V, 0.578 V, 0.718 V, 0.742 V, 0.829 

V, 1.066 V, and 1.276 V respectively. There is a general trend of decreasing catalytic activity with 

increasing entropic contribution from bimetallic to pentametallic carbides. Although this trend is 

exactly the opposite from what we expected, we believe that the phase of the material is playing a 

critical role in the activity of the catalysts. In our previous work we saw that the M2C (Co2C) 

structure outperformed any other carbide structure in the FeCo system and the M3C phase 

performed the worst. Unfortunately, the Ni3C (M3C) phase was the predominant phase formed in 

this study, however, further studies are underway to tune the phase of these high entropy materials 

in order to obtain better performing catalysts. With potential phase contributions, unoptimized 

metal ratio, and unoptimized electrochemical measurements it was not surprising that these 

catalysts were not the next best OER or HER electrocatalyst. Nonetheless, this study trailblazes 

the path for future studies optimizing the performance of these materials. 

Table 5.3. OER and HER overpotentials vs RHE. 
Electrocatalyst OER (η vs RHE) HER (η vs RHE) 

Fe3C 1.066 -0.482 
Co2C 0.543 -0.22 
Ni3C 1.276 -0.681 

FeNiC 0.578 -0.672 
FeCoNiC 0.718 -0.559 

CrFeCoNiC 0.742 -0.58 
CrMnFeCoNiC 0.829 -0.65 
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Figure 5.4. Linear sweep voltammograms to evaluate electrocatalytic performance in HER (a 
and OER (b for monometallic to pentametallic nanocarbides. c) and d) are bar charts comparing 
the overpotentials for each sample. Purple represents Fe3C, red represents Co2C, pink represents 
Ni3C, orange represents FeNiC, gold represents FeCoNiC, green represents CrFeCoNiC, and 
blue represents CrMnFeCoNiC. 
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5.4. Conclusions 

In conclusion, high entropy carbide nanomaterials hold tremendous potential for 

revolutionizing materials science and engineering. In this study we have shown that Prussian Blue 

Analogues can be implemented to form solid solution nanocarbide materials from monometallic 

to pentametallic (high entropy) systems. The PBA serves as a single-source sacrificial precursor 

that controls the composition of the resultant nanocarbide. Unlike what has been seen in the 

literature, these materials seem to become more structurally complex as entropy is increased, yet 

they maintain their metal compositions as solid solutions. The best performing OER and HER 

catalyst in this study was the Co2C nanocarbide by generating overpotentials of 0.543 V and 

−0.220 V respectively. Although these materials are not outperforming state of the art materials, 

recent advancements have demonstrated nanocarbides exceptional catalytic properties and 

significant opportunities remain for further exploration and development.21,23,52,53,71,198,214,215 By 

focusing on synthetic control of composition, phase, size, and morphology, researchers can unlock 

new capabilities and propel the field of high entropy carbide nanomaterials towards transformative 

innovations. 
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CHAPTER 6 

 
FROM MONOMETALLIC TO PENTAMETALLIC: SYNTHESIS OF PBA-

DERIVED MEDIUM AND HIGH ENTROPY NANOMX-IDES FOR THE 
OXYGEN EVOLUTION REACTION 

 

6.1 Introduction 

The rapid advancement of renewable energy technologies and the persistent demand for 

efficient, sustainable chemical processes have necessitated the development of novel materials 

with exceptional catalytic properties. High-entropy materials (HEMs), characterized by their 

unique multi-element compositions resulting in remarkable physical and chemical properties, have 

received significant attention in recent years.162,208,216–220 Among these, high-entropy phosphides, 

oxides, sulfides, and carbides derived from Prussian blue analogues (PBAs) have emerged as 

promising candidates due to their tunable compositions, scalability, and ability to be implemented 

as a single source precursors.54,204,221–226 The traditional catalytic materials, while effective, often 

suffer from limitations such as high cost, limited availability, and suboptimal stability under 

operational conditions. Noble metals like platinum, iridium, and ruthenium, for instance, are 

excellent catalysts for reactions like the oxygen evolution reaction (OER) and hydrogen evolution 

reaction (HER) but are neither cost-effective nor sustainable for large-scale 

deployment.17,36,37,227,228 Therefore, the motivation behind this research is to explore and develop 

new classes of PBA – derived HEMs that can offer comparable or superior catalytic performance 

while being economically viable and sustainable. 

Prussian blue analogues, with their well-defined frameworks and versatile chemistry, serve 

as ideal precursors for the synthesis of high-entropy phosphides, oxides, sulfides, and carbides. 

The ability to incorporate multiple metal cations into the Prussian blue framework and 
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subsequently convert these into various high-entropy phases provides a unique approach to 

designing materials with tailored properties. This research aims to leverage the inherent flexibility 

of PBAs to create HEMs with enhanced catalytic activity, stability, and cost-effectiveness.54,222,223 

Recent advancements have demonstrated the potential of HEMs in various catalytic 

applications. High-entropy oxides, for example, have shown remarkable performance in OER due 

to their stable multi-cationic structures, which promote enhanced catalytic activity and 

stability.208,222,229,230 High-entropy carbides and phosphides have also been explored for their 

excellent electrical conductivity and catalytic efficiency, making them suitable for applications in 

HER and OER.218,231–233 However, there remains a significant gap in understanding the full 

potential of high-entropy sulfides and the synergistic effects of multiple anionic species in these 

complex materials. 

To date, research has predominantly focused on single-phase HEMs, and the exploration 

of mixed-phase high-entropy materials derived from PBAs remains in its infancy. Additionally, 

while the synthesis of high-entropy oxides have been extensively studied, there is limited 

knowledge regarding the controlled synthesis of high-entropy carbides, phosphides, and sulfides 

from PBAs.162,208,216,222,229 Addressing these gaps is crucial for fully harnessing the potential of 

these materials and developing a comprehensive understanding of their structure-property 

relationships. 

The primary objective of this research is to synthesize and characterize high-entropy 

phosphides, oxides, sulfides, and carbides derived from Prussian blue analogues, and to evaluate 

their catalytic performance in key reactions such as OER and HER. By systematically varying the 

composition and synthesis conditions, we aim to elucidate the fundamental principles governing 

the catalytic behavior of these materials and identify the optimal compositions for specific 
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applications. Furthermore, this research seeks to address the scalability and practical applicability 

of high-entropy materials. By utilizing PBAs as precursors, we aim to develop synthesis protocols 

that are not only effective but also scalable and economically feasible for large-scale production. 

The insights gained from this study will provide a solid foundation for the future design and 

development of high-entropy materials with tailored properties for a wide range of catalytic 

applications. Herein, monometallic to pentametallic MX-ides (X= C, O, P, S) are synthesized using 

PBAs as a single source precursor and subsequently characterized using pXRD and XRF. 

6.2 Experimental Methods 

All commercially available reagents were used without further purification. Precursors for 

all PBAs were K3Cr(CN)6 (made in house), K3Mn(CN)6 (made in house),  K3Fe(CN)6 (Sigma 

Aldrich, >99%), K3Co(CN)6 (Sigma Aldrich, >99%), K2Ni(CN)4 (Alfa Aesar, >99%), KCl (Sigma 

Aldrich, 98%), CrCl3·6H2O (Sigma Aldrich, 98%), MnCl2·4H2O (Sigma Aldrich, 98%), 

FeCl2·4H2O (Thermo Fisher, >99%). CoCl2·6H2O (Thermo Fisher, >99%), and NiCl2·6H2O 

(Thermo Fisher, >99%). Solvents used for synthesis were ultrapure water (18.2 Ω cm−1 at 25.0 °C, 

Thermo Scientific Barnstead E-Pure ultrapure water purification system), octadecylamine (ODA) 

(Thermo Fisher, 90%), dodecanethiol (DDT) (Thermo Fisher, >99%), trioctylphosphine (TOP) 

(Thermo Fisher, >99%),  acetone ((VWR, ACS Grade) and toluene (VWR, ACS Grade). 

  6.2.1. General Synthesis of Prussian Blue Analogue Precursors. All PBA precursors 

(from monometallic to pentametallic) are synthesized through a known precipitation method 

adapted from Hardy et al. Succinctly, two solutions are prepared, a 5mM solution of all 

cyanometallate salts in equimolar ratios which sum to 1 mmol, as well as a 10mM solution of all 

metal chloride salts in equimolar ratios which sum to 1 mmol with an additional 5 mmol KCl used 

as a chelating agent for the PBA formation. For monometallic solution one has 1 mmol 
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cyanometallate salt and solution two has 1 mmol of metal chloride salt and 5 mmol of KCl, for 

bimetallic there are 0.5 mmol of each cyanometallate salt in solution 1 and 0.5 mmol of metal 

chloride salts with the added 5 mmol KCl. The same method is used for trimetallic, tetrametallic, 

and pentametallic PBAs. One solutions are prepared, solution 2 is slowly added to solution 1 and 

the resultant reaction mixture is stirred at room temperature for at least 2 hours to ensure PBA 

formation. The reaction mixture is centrifuged, the PBA is collected and then washed thrice with 

ultrapure H2O. The PBAs are dried at 120 °C for approximately 30 minutes or until completely 

dry. The PBAs are characterized by pXRD, SEM, EDX, XRF, SDT, and FT-IR.  

  6.2.2. General Synthesis of Nanocarbides. All nanocarbides (from monometallic to 

pentametallic) are synthesized through a high temperature organic synthesis method. In summary, 

200mg of the PBA precursor and 17.24g (20mL) of octadecylamine are added to a three-neck 

round bottom flask equipped with a condenser. Under inert atmosphere the reaction mixture is 

heated to 350°C (BP of octadecylamine) for an hour and subsequently quenched with toluene. The 

resultant reaction mixture is centrifuged (hot ~ 150°C), the pellet is then washed thrice with 

toluene, once with acetone, thrice with ultrapure H2O, and once more with acetone. The resultant 

nanocarbides are dried @ 100°C for approximately 15 minutes or until dry. The nanocarbides are 

characterized by pXRD, XRF, SDT, and TEM. They are also electrochemically tested using linear 

sweep voltammetry (LSV).  

  6.2.3. General Synthesis of Nano-oxides. All nano-oxides (from monometallic to 

pentametallic) are synthesized through a solid-state decomposition reaction. Briefly, 200mg of the 

PBA precursor is loaded into a quartz boat and then into a tube furnace, open to air on both sides. 

The tube furnace is closed and heated up to 350°C for 10 minutes and subsequently cooled to room 
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temperature. The nano-oxides are characterized by pXRD, XRF, SDT, and TEM. They are also 

electrochemically tested using linear sweep voltammetry (LSV). 

  6.2.4. General Synthesis of Nanosulfides. All nanosulfides (from monometallic to 

pentametallic) are synthesized through a high temperature organic synthesis method. In summary, 

200mg of the PBA precursor and 20mL of dodecanethiol are added to a three-neck round bottom 

flask equipped with a condenser. Under inert atmosphere the reaction mixture is heated to 270°C 

(BP of dodecanethiol) for an hour and subsequently quenched with toluene. The resultant reaction 

mixture is centrifuged, the pellet is then washed thrice with toluene, once with acetone, thrice with 

ultrapure H2O, and once more with acetone. The resultant nanosulfides are dried @ 100°C for 

approximately 15 minutes or until dry. The nanosulfides are characterized by pXRD, XRF, SDT, 

and TEM. They are also electrochemically tested using linear sweep voltammetry (LSV).  

  6.2.5. General Synthesis of Nanophosphides. All nanophosphides (from monometallic to 

pentametallic) are synthesized through a high temperature organic synthesis method. In summary, 

200mg of the PBA precursor and 20mL of trioctylphosphine are added to a three-neck round 

bottom flask equipped with a condenser. Under inert atmosphere the reaction mixture is heated to 

270°C (BP of trioctylphosphine) for an hour and subsequently quenched with toluene. The 

resultant reaction mixture is centrifuged, the pellet is then washed thrice with toluene, once with 

acetone, thrice with ultrapure H2O, and once more with acetone. The resultant nanophosphides are 

dried @ 100°C for approximately 15 minutes or until dry. The nanophosphides are characterized 

by pXRD, XRF, SDT, and TEM. They are also electrochemically tested using linear sweep 

voltammetry (LSV). 

6.2.6. Materials Characterization. pXRD patterns of PBAs and PBA derived 

nanomaterials were collected at room temperature on a Rigaku Miniflex powder diffractometer 
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(Cu Kα source, λ = 1.54 Å). Elemental ratios in both PBA and nanomaterials were confirmed using 

XRF on a Panalytical Epsilon XRF analyzer (Cu Kα source). Size, morphology, and elemental 

disribution of PBA precursors were investigated using SEM imaging on a Jeoul  (15 keV, ) 

equipped with an energy dispersive x-ray spectrometer (EDX). Size, size dispersity, and 

morphology of the PBAs and nanomaterials were estimated using ImageJ software (sample size = 

100 particles) using SEM and TEM images (collected on a Tecnai Osiris TEM, 200 kV). Scanning 

differential calorimetry was used to interrogate the thermal stability of PBA and nanocarbide 

materials, collected on a TA instruments Q600 ramp rate 10°C/min up to 700°C. 

6.2.7. Electrode Preparation. A catalyst slurry was prepared using 1mg of catalyst 

powder and 1mL of methanol. The slurry was sonicated until homogenized ~ 1 minute and then 

the suspension was dropcasted onto the carbon working electrode (5 mm x 4 mm) of a Pine 

instruments screen printed electrode (SPE). The mass loading onto the surface of the electrode is 

approximately 0.2 mg/cm2. The electrodes were dried at room temperature for about 30 minutes 

before electrochemical measurements were performed.   

6.2.8. Electrochemical Measurements. All electrochemical measurements were 

performed using a Pine research 3 electrode screen printed electrode system, connected to a CH 

660E potentiostat. The SPEs contain a carbon working and counter electrode as well as a Ag/AgCl 

reference electrode. For OER measurements, 1M KOH electrolyte was used and for HER, 1M 

H2SO4 electrolyte was used. All potentials were converted to the reversible hydrogen electrode 

potential using the equation 11. 

The potentials vs RHE were then used to calculate the overpotentials for OER using equation 10.  
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6.3 Results and Discussion 
 

6.3.1. Monometallic PBA – Derived M-Xides. Several monometallic MX-ides were 

synthesized using our PBA thermal decomposition method. The motivation behind synthesizing 

these monometallic materials is to gain insight on pure phase compositions that can be used as a 

building block for fitting more complex systems. Figure 6.1. shows the pXRD results of cobalt 

PBA − derived sulfide which matches the Co9S8 crystal phase. The reference pattern from the 

crystallography open database for the Co9S8 crystal phase is shown below as blue bars. The XRF 

results from this sample show less than 1% impurities. The sulfide was synthesized by boiling the 

Co PBA in dodecanethiol for an hour. The pXRD results for the synthesized cobalt and nickel 

PBA – derived monometallic phosphides are shown in Figure 6.2. The cobalt PBA – derived 

phosphide matches the CoP crystal phase and the nickel PBA – derived phosphide matched to the 

Ni2P crystal phase. The XRF results also indicate less than 1% impurities for both materials. The 

Figure 6.1. pXRD of PBA – derived monometallic sulfide: Co9S8. Reference pattern shown in 

blue (COD:1011005) 
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phosphides were synthesized by boiling each PBA in trioctylphosphine for an hour. The pXRD 

results for the PBA – derived monometallic oxides are shown in Figure 6.3. The iron variant 

produced the Fe3O4 crystal phase, the cobalt variant produced the Co3O4 crystal phase, and the 

nickel variant produced the NiO2 crystal phase. The iron and cobalt were both pure phase materials, 

however the nickel variant has an impurity phase of the FeNi3 alloy. The oxides were synthesized 

via a solid-state route by heating each PBA to 350°C, held at temperature for 10 minutes, and 

cooling back to room temperature. We believe the isolation of the FeNi3 impurity is due to the lack 

of solvent present in this method. Our previous work has shown that solvent influences the 

Figure 6.2. pXRD of PBA – derived monometallic phosphides: CoP and Ni2P. Reference 
pattern for CoP in pink (COD: 9008928) and Ni2P shown in light blue (ICSD: 646102). 
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thermodynamic barrier for the formation of alloy.163 The XRF values also show less than 1% 

impurities in the oxide materials.  

  

Figure 6.3. pXRD of PBA – derived monometallic oxides, Fe3O4, Co3O4, NiO2.  Reference 
pattern for Fe3O4 in green (ICSD: 75627) Co3O4 in pink (ICSD: 24210) and NiO2 shown in 
light be (COD: 1522025). 
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6.3.2. Bimetallic PBA – Derived M-Xides. Several bimetallic MX-ides were synthesized 

using our PBA thermal decomposition method. The motivation behind synthesizing these 

bimetallic materials was to gain insight on the dependence of phase on metal compositions. The 

materials were synthesized in the same manner as the monometallic materials. The pXRD of  

Figure 6.4. pXRD of PBA – derived FeCo bimetallic phosphides containing 95%, 60% and 
20% Fe.  Reference pattern for FeP in light blue (ICSD: 94379), Fe2P in green (COD: 1008826), 
CoP in pink (COD: 9008928), and Co3O4 in grey (ICSD: 24210).  
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bimetallic FeCo and FeNi phosphides are shown in Figure 6.4. The results show that 95% Fe FeCo 

produces a mixture of iron and cobalt phosphide phases with the major phase being Fe2P and minor 

phase CoP. When the amount of Fe decreases to 60% the only phosphide phase isolated is CoP, 

however this sample is contaminated with a minor amount of Co3O4. Notably, as the amount of Fe 

is further decreased, a new FeP phase is isolated rather than the maintenance of the CoP phase. 

Figure 6.5. pXRD of PBA – derived FeCo and FeNi bimetallic oxides, Fe3O4, Co3O4, NiO2.  
Reference pattern for Fe2O3 in dark green (ICSD: 15840), Fe3O4 in light green (ICSD: 75627) 
Co3O4 in pink (ICSD: 24210) and NiO2 shown in light be (COD: 1522025). 
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There was an oxide impurity in this sample as well. Which is not surprising based on literature 

reports of phosphides being prone to oxidation under ambient conditions.30,126,234–237 The XRF 

results show the maintenance of metal ratios from PBA to phosphide, similar to carbide results. 

This suggests that PBA is a practical precursor for the synthesis of ratio controlled phosphides, 

which also agrees with results in literature.156 Figure 6.5. shows the pXRD results for the 15% Fe 

FeCo, 15 % Fe FeNi and 65% Fe FeNi PBA – derived oxides. The 15% Fe FeCo oxide matches 

the Co3O4 phase, the 15% Fe FeNi primarily matches the NiO2 phase and thet 65% Fe FeNi has a 

mixed oxide composition of Fe3O4 and Fe2O3.  

  6.3.3. Pentametallic PBA – Derived M-Xides. Pentametallic materials were synthesized 

as previously stated. Figure 6.6 shows the pXRD results of each pentametallic material 

synthesized. The pentametallic carbide (CrMnFeCoNiC) reveals a mixed carbide containing the 

Fe2.4.C and the Ni3C structure types. The pentametallic oxide (CrMnFeCoNiO) produced a mixed 

oxide containing both MnO2 and Co3O4 structure types. The pentametallic phosphide 

(CrMnFeCoNiP) produced a mixed phosphide containing both FeP and CoP structure types. The 

pentametallic sulfide (CrMnFeCoNiS) produced a pure phase sulfide matching the Co3S4 structure 

type. The pentametallic alloy produced an alloy matching the Fe face centered cubic structure type, 

however there was a large impurity of MnO in this sample. The oxide impurity was unsurprising 

as Mn based materials tend to oxidize easily under ambient conditions, and many metal alloys are 

not air stable as well.15,30,161,198  

6.4 Conclusions and Future Work 

In this work PBAs were implemented as single source precursors for the production of 

monometallic, bimetallic, and pentametallic nanomaterials. It was found that the metal ratio was 

maintained from the PBA to the PBA – derived materials, an important attribute for the future use 
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in various applications like catalysis and magnetism. Pure phase materials were created from the 

monometallic PBAs and in the pentametallic sulfide. Majorly mixed phase materials were 

produced in more complex systems. The work done in chapter 4 poses as a potential avenue to 

Figure 6.6. pXRD of PBA – derived CrMnFeCoNi pentametallic high entropy materials, 
CrMnFeCoNiC, CrMnFeCoNiO, CrMnFeCoNiP, CrMnFeCoNiS, and CrMnFeCoNi alloy.  
Reference pattern for Fe2.4C in red (COD: 1545252), Ni3C in orange (ICSD: 17005), MnO2 in 
light green (COD:1514232), Co3O4 in dark green (ICSD: 24210), FeP in light blue (ICSD: 
94379), CoP in dark blue (COD: 9008928), Co3S4 in purple (COD:1011005), MnO in light 
pink (COD: 9006660), Fe FCC (ICSD: 44862).  
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control phase compositions in these more complex systems.  The current materials should be 

further characterized using SEM or TEM/EDS for elemental mapping. The materials that possess 

impurities should be resynthesized or separated from impurities to ensure accurate 

characterizations. The synthesis of PBA materials needs to be optimized in the future to effectively 

control size, shape, and phase compositions. However, there are known routes to achieve these 

goals in the literature, as well as in this thesis. 238–241 Other future work includes testing PBA – 

derived materials in targeted applications like catalysis and magnetism.  
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CHAPTER 7 

 

SUMMARY AND OUTLOOK 
 

This thesis serves to pioneer the design of new advanced materials that are cost effective, 

globally accessible, sustainable, and scalable. In this work a library of new materials has been 

synthesized, characterized, and tested for application in the OER and HER. In accordance with the 

structure – property dogma, there is a specific focus on controlling complex material 

characteristics like crystal phase composition and elemental composition to produce next 

generation materials. Insight on reactivity, structure, material transformations, and catalytic 

properties have been revealed from the monometallic building blocks to the high entropy 

pentametallic materials studied in this work. This work uncovered a potentially universal approach 

to isolate pure phase carbide materials, a solution that has been researched for several decades 

now.141,149,184,212,242–246 The versatility of PBA – derived synthesis was explored by implementing 

this technique on several ceramic type materials (oxide, phosphide, carbide, and sulfides). 

Future studies that further expand this field include optimization studies on reaction 

conditions to create size, shape, and morphologically controlled materials, expanding metallic ratio 

studies to optimize OER and HER performance, optimizing OER/HER testing protocols, 

expanding synthesis to other first and second row transition metals, translation of the halide -

mediated phase control to other ceramic type systems, and testing PBA – derived carbide materials 

for other applications in catalysis and magnetism based on the properties of the monometallic iron, 

chromium, and cobalt carbide systems.20,134,157,158,174,176 
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APPENDIX A: PXRD POWDER MATCHING FOR ALL AS – 

SYNTHESIZED FECO NANOCARBIDES 
 

Appendix A contains the complete pXRD data for all as synthesized FexCo1-xCy nanocarbides. 

Synthetic parameters tested were concentration of Fe, halide species, and halide concentrations. 

Four different concentrations (19%, 35%, 60%,80% Fe) of Fe were tested. Four halide species 

were tested (TBAF, TBAC, TBAB, TBAI). Four to five halide concentrations were tested ranging 

from 0.1 mmol per reaction to 3 mmol per reaction. Appendix A is to be used in reference for 

chapter 4.  
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APPENDIX B: TABLE OF COMPLETE SYNTHETIC RANGE FOR FECO 
HALIDE – MEDIATED PHASE CONTROL 

Reference for chapter 4. Complete experimental results for reactions run with varying halide 
species, metal ratio, and halide concentrations. Supporting tables for computational calculations.  

Table B1. Experimental results for TBAF mediated FeCoC Studies. 

TBAX [TBAX] 
mmol Temp Time % Fe % Fe FeCoC Ref. card Initial Final Phase 

- 0 350 °C 1 h 

19 19 M2C, M3C COD:1528415 
ICSD:42542 

35 35 M2C, M3C COD:1528415 
ICSD:42542 

60 65 M2C, M3C 
M5C2 

COD:1528415 
ICSD:42542 

ICSD:423885 

80 80 M5C2 
M7C3 

ICSD:423885 
ICSD:76830 

TBAF 

0.5 350 °C 1 h 

19 18 M2C 
M3C 

COD:1528415 
ICSD:42542 

35 33 
M2C 
M3C 
M5C2 

COD:1528415 
ICSD:42542 

ICSD:423885 

60 58 M2C 
M5C2 

COD:1528415 
ICSD:423885 

80 80 
M2C 
M5C2 
M7C3 

COD:1528415 
ICSD:423885 
ICSD:76830 

1 350 °C 1 h 

19 17 M2C 
M3C 

COD:1528415 
ICSD:42542 

35 33 M2C 
M5C2 

COD:1528415 
ICSD:423885 

60 57 M2C 
M5C2 

COD:1528415 
ICSD:423885 

80 80 M2C, M3C 
M5C2, M7C3 

COD:1528415 
ICSD:42542, 

423885, 76830  

2 350 °C 1 h 

19 11 M2C 
M3C 

COD:1528415 
ICSD:42542 

35 33 M2C 
M5C2 

COD:1528415 
ICSD:423885b 

60 58 M2C 
M5C2 

COD:1528415 
ICSD:423885 

80 79 
M2C, M3C 

M5C2 
M7C3 

COD:1528415 
ICSD:42542 

423885, 76830  
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Table B2. Experimental results for TBAC mediated FeCoC Studies. 

TBAX [TBAX] mmol Temp Time % Fe % Fe FeCoC Ref. card Initial Final Phase 

TBAC 

0.1 350 °C 1 h 

19 17 M2C COD:1528415 
M5C2 ICSD:423885 

35 33 
M2C COD:1528415 
M3C ICSD:42542 
M5C2 ICSD:423885 

60 60 M3C ICSD:42542 

80 80 M2C COD:1528415 
M3C ICSD:42542 

0.5 350 °C 1 hr 

19 16 M2C COD:1528415 

35 34 
M2C COD:1528415 

M3C M5C2 
ICSD:42542 
ICSD:423885 

60 57 
M2C COD:1528415 

M3C M7C3 
ICSD:42542 
ICSD:76830 

80 80 
M2C COD:1528415 

M3C M7C3 ICSD:42542 
M ICSD:76830 

1 350 °C 1 hr 

19 10 M2C COD:1528415 

35 29 
M2C COD:1528415 

M3C M5C2 ICSD:42542 
ICSD:423885 

60 57 
M2C COD:1528415 

M3C M7C3 ICSD:42542 
ICSD:76830 

80 80 M3C M7C3 
ICSD:42542 
ICSD:76830 

2 350 °C 1 hr 

19 8 M2C COD:1528415 
35 13 M2C COD:1528415 

60 44 
M2C COD:1528415 

M3C  M7C3 ICSD:42542 
ICSD:76830 

80 72 M3C M7C3 ICSD:42542 
ICSD:76830 

3 350 °C 1 hr 60 44 
M2C COD:1528415 

M3C M7C3 ICSD:42542 
ICSD:76830 

80 72 M7C3 ICSD:76830 
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Table B3. Experimental results for TBAB mediated FeCoC Studies. 

TBAX [TBAX] 
mmol Temp Time % Fe % 

Fe FeCoC Ref. card 
Initial Final Phase 

TBAB 

0.5 350 
°C 1 hr 

19 14 M2C COD:1528415 

35 30 M2C COD:1528415 
M3C ICSD:42542 

60 55 M3C ICSD:42542 
M5C2 ICSD:423885 

80 80 
M3C ICSD:42542 
M5C2 
M7C3 

ICSD:423885 
ICSD:76830 

1 350 
°C 1 hr 

19 7 M2C COD:1528415 

35 11 M2C COD:1528415 
M3C ICSD:42542 

60 46 
M2C COD:1528415 
M3C ICSD:42542 
M5C2 ICSD:423885 

80 79 

M2C COD:1528415 
M3C 
M7C3 

ICSD:42542 

M ICSD:76830 

2 350 
°C 1 hr 

19 3 M2C COD:1528415 

35 5 M2C COD:1528415 
M3C ICSD:42542 

60 21 
M2C COD:1528415 
M3C ICSD:42542 
M5C2 ICSD:423885 

80 60 
M2C COD:1528415 
M3C ICSD:42542 
M5C2 ICSD:423885 

3 350 
°C 1 hr 

19 -- M2C COD:1528415 
35 3 M ICSD:102381 

60 6 
M2C COD:1528415 
M3C ICSD:42542 
M5C2 ICSD:423885 

80 28 M ICSD:102381 
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Table B4. Experimental results for TBAI mediated FeCoC Studies. 

TBAX [TBAX] 
mmol Temp Time % Fe % 

Fe FeCoC Ref. card 

TBAI 

0.5 350 
°C 1 hr 

19 10 M2C COD:1528415 
35 26 M2C COD:1528415 

60 56 
M2C COD:1528415 
M3C ICSD:42542 
M5C2 ICSD:423885 

80 80 
M2C COD:1528415 
M5C2 ICSD:423885 ICSD:76830 
M7C3   

1 350 
°C 1 hr 

19 5 M2C COD:1528415 
35 14 M2C COD:1528415 

60 45 
M2C COD:1528415 
M3C ICSD:42542 
M5C2 ICSD:423885 

80 78 M2C COD:1528415 
M5C2 ICSD:423885 

2 350 
°C 1 hr 

19 3 M2C COD:1528415 
M5C2 ICSD:423885 

35 7 M3C ICSD:76830 
M5C2 ICSD:423885 

60 24 M5C2 ICSD:423885 
M ICSD:102381 

80 59 
M2C COD:1528415 
M3C ICSD:42542 
M5C2 ICSD:423885 

3 350 
°C 1 hr 

19 4 M ICSD:102381 
35 9 M ICSD:102381 
60 11 M ICSD:102381 
80 35 M5C2 ICSD:423885 
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Table B5: Comparison of adsorption energies obtained using different reference states for X 
and C atoms on FeCo(110) surface. ; the second column represents BEs calculated using the 
reference state of X atom as ½ the energy of X molecule and energy of C atom from the graphite 
phase. The last column represents previously reported BEs. The lowest energies are highlighted 
in blue.  

Element Most Stable 
Site 

BE (eV) (changing 
reference state) 

BE (eV)(previously reported 
BE) 

NH3 Fe-hollow -0.02 -0.02 
NH3 Co-hollow Move to top Move to top 
NH3 Fe-top 2.49 2.49 
NH3 Co-top -1.93 -4.21 
NH3 bridge Move to hollow Move to hollow 

C Fe-hollow Unstable Unstable 
C Co-hollow -4.13 -11.50 
C Fe-top 1.34 -6.30 
C Co-top Unstable Unstable 
C bridge Move to hollow Move to hollow 
F Fe-hollow -3.81 -4.51 
F Co-hollow -1.70 -2.41 
F Fe-top Unstable Unstable 
F Co-top Unstable Unstable 
F bridge Move to hollow Move to hollow 
Cl Fe-hollow Unstable Unstable 
Cl Co-hollow -10.40 -11.89 
Cl Fe-top -4.11 -5.60 
Cl Co-top -6.87 -8.36 
Cl bridge Move to hollow Move to hollow 
Br Fe-hollow -2.02 -3.25 
Br Co-hollow -4.96 -6.20 
Br Fe-top Unstable Unstable 
Br Co-top 1.96 -0.72 
Br bridge Move to hollow Move to hollow 
I Fe-hollow Unstable Unstable 
I Co-hollow -10.38 -10.38 
I Fe-top -2.00 -2.00 
I Co-top -5.30 -5.30 
I bridge Move to hollow Move to hollow 

 
Table B6: Binding energies (BE) for thermodynamically most stable configuration for first 
C/X adsorption on Fe3C(001) surface. 

Most favorable site Adsorbate Binding energy (eV) 
1-C-hollow C -1.33 
1-C-hollow F -4.61 
1-C-hollow Cl -2.84 

hollow Br -2.60 
1-C-hollow I -3.56 
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Table B7: Binding energies for lowest energy configuration for first C/X adsorption on 
Co2C(101) surface. 

Most favorable site adsorbate Binding energy (eV) 
2-Co-hollow C 0.29 
1-Co-hollow F -3.42 
1-Co-hollow Cl -1.79 
1-Co-hollow Br -1.63 
1-Co-hollow I -2.54 

 
 

 

 

Table B8: Binding energies for lowest energy configuration for first C/X adsorption on Fe-
terminated FeCoC(001) surface.   

Most favorable site adsorbate Binding energy (eV) 
hollow C -1.12 

1-C-hollow F -4.47 
1-C-hollow Cl -2.75 
1-C-hollow Br -2.59 
1-C-hollow I -3.52 

 

Table B9: Binding energies for lowest energy configuration for first C/X adsorption on Co-
terminated FeCoC(001) surface. 

Most favorable site adsorbate Binding energy (eV) 
hollow C -0.95 

1-C-hollow F -4.12 
1-C-hollow Cl -2.65 
1-C-hollow Br -2.51 
1-C-hollow I -3.47 

 

Table B10: Binding energies for C on C pre-adsorbed, C on X-pre adsorbed, and X on C pre-
adsorbed Fe3C(001) surface. 

Most favorable site 1st adsorbate 2nd adsorbate 2nd adsorbate BE (eV) 
hollow C C -1.23 

    
hollow F C -1.01 
hollow Cl C -0.99 

1-C-hollow Br C -1.02 
hollow I C -0.98 

    
hollow C F -4.26 
hollow C Cl -2.48 
hollow C Br -2.30 
hollow C I -3.21 

top C NH3 -0.55 
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Table B11: Binding energies of C on C/X/NH3 pre-adsorbed, X on C pre-adsorbed, and NH3 
on C pre-adsorbed FeCo(110) surface. Here, the second column represents BEs calculated using 
the reference states of the X atom as ½ the energy of the X molecule and the energy of the C 
atom from the graphite phase. The last column represents previously reported BEs. The lowest 
energies are highlighted in blue. The binding energies are lower for all carbon 1st adsorbate 
variants than carbon as 2nd adsorbate.  

Most-favorable 
site 

Pre-
adsorbed 

species 

2nd 
adsorbate 

2nd 
adsorbate 
BE (eV) 

2nd adsorbate 
BE (eV) 

1-Fe-hollow C C -4.52 -11.89 
1-Co-hollow F C -2.22 -9.59 
1-Co-hollow Cl C 3.95 -3.42 
1-Co-hollow Br C -1.97 -9.34 
1-Fe-hollow I C 5.12 -2.25 
1-Co-hollow NH3 C -1.93 -7.02 
1-Co-hollow C F -11.30 -12.00 
1-Fe-hollow C Cl -1.36 -2.85 
1-Co-hollow C Br -1.87 -3.11 
1-Fe-hollow C I -3.18 -3.18 
1-Co-hollow C NH3 -5.40 -5.40 

 

Table B12: Binding energies for C on C pre-adsorbed, C on X-preadsorbed, X on C pre-
adsorbed, and NH3 on C pre-adsorbed Co2C(101) surface. 

Most favorable site 1st adsorbate 2nd adsorbate 2nd adsorbate BE (eV) 
1-Co-hollow C C -1.27 

Co-top F C -0.22 
1-Co-hollow Cl C 0.51 
1-Co-hollow Br C 0.74 

Co-top I C 1.67 
hollow C F -3.93 
hollow C Cl -1.76 
hollow C Br -1.60 
hollow C I -2.50 

top C NH3 -1.12 
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Table B13: Binding energies for C on C pre-adsorbed, C on X-preadsorbed, and X on C pre-
adsorbed Fe-terminated FeCoC(001) surface. 

Most favorable site 1st adsorbate 2nd adsorbate 2nd adsorbate BE (eV) 
1-C-hollow C C -0.96 

    
hollow F C -0.93 
hollow Cl C -0.89 
hollow Br C -0.88 
hollow I C -0.86 

    
1-C-hollow C F -4.28 
1-C-hollow C Cl -2.53 
1-C-hollow C Br -2.35 
1-C-hollow C I -3.27 

top C NH3 -0.93 
 Table B14: Binding energies for C on C pre-adsorbed, C on X-preadsorbed, and X on C pre-
adsorbed Co-terminated FeCoC(001) surface. 

Most favorable site 1st adsorbate 2nd adsorbate 2nd adsorbate BE (eV) 
1-C-hollow C C -0.83 

    
hollow F C -0.74 
hollow Cl C -0.71 
hollow Br C -0.71 
hollow I C -0.68 

    
1-C-hollow C F -3.90 
1-C-hollow C Cl -2.40 
1-C-hollow C Br -2.25 
1-C-hollow C I -3.29 

top C NH3 -1.47 
 

Figure B1: X BEs on C pre-adsobed surfaces: a) Fe3C(001) b) Co2C(101) c) Fe-terminated 
FeCoC(001) d) Co-terminated FeCoC(001), and e) bimetallic FeCo(110). 
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Figure B3: The first adsorbate BEs trend on: a) Fe3C(001) b) Co2C(101) c) Fe-terminated 
FeCoC(001) d) Co-terminated FeCoC(001), and e) bimetallic FeCo(110) surfaces. 

Figure B2: C BEs on C/X pre-adsobed surfaces: a) Fe3C(001) b) Co2C(101) c) Fe-terminated 
FeCoC(001) d) Co-terminated FeCoC(001), and e) bimetallic FeCo(110). 
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APPENDIX C: XRF VALUES FOR ALL PBA AND CARBIDES FROM 
MONOMETALLIC TO PENTAMETALLIC 

 
Appendix C includes all XRF data for monometallic to pentametallic PBA and PBA – derived 
carbides. 

Table C1: XRF for monometallic PBA and PBA – Derived carbides 

Metal Target % Actual % (PBA) Actual % (Carbide) 

Monometallic 
Cr 100 98 96 
Mn 100 99 99 
Fe 100 99 98 
Co 100 100 99 
Ni 100 100 99 

 

Table C2: XRF for bimetallic PBA and PBA – Derived carbides 
Metal Target % Actual % (PBA) Actual % (Carbide) 

Bimetallic 
Cr 50 18 18 
Mn 50 82 82 
Cr 50 5 5 
Mn 50 95 95 
Cr 50 24 24 
Fe 50 76 76 
Cr 50 13 14 
Fe 50 87 86 
Cr 50 27 27 
Co 50 73 73 
Cr 50 11 18 
Co 50 89 82 
Cr 50 30 30 
Ni 50 70 70 
Cr 50 33 42 
Ni 50 67 58 
Mn 50 42 41 
Cr 50 58 59 
Mn 50 26 26 
Fe 50 74 74 
Mn 50 39 40 
Co 50 61 60 
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Table C2 Continued. 

Metal Target % Actual % (PBA) Actual % (Carbide) 
Bimetallic 

Cr 50 18 18 
Mn 50 82 82 
Cr 50 5 5 
Mn 50 95 95 
Cr 50 24 24 
Fe 50 76 76 
Cr 50 13 14 
Fe 50 87 86 
Cr 50 27 27 
Co 50 73 73 
Cr 50 11 18 
Co 50 89 82 
Cr 50 30 30 
Ni 50 70 70 
Cr 50 33 42 
Ni 50 67 58 
Mn 50 42 41 
Cr 50 58 59 
Mn 50 26 26 
Fe 50 74 74 
Mn 50 39 40 
Co 50 61 60 
Mn 50 99 99 
Ni 50 1 1 
Fe 50 80 3 
Cr 50 20 97 
Fe 50 51 49 
Mn 50 49 51 
Fe 50 38 38 
Co 50 62 62 
Fe 50 38 38 
Ni 50 62 62 
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Table C2 Continued. 

Metal Target % Actual % (PBA) Actual % (Carbide) 
Bimetallic 

Co 50 NR Cr 50 
Co 50 49 49 
Mn 50 51 51 
Co 50 55 55 
Fe 50 45 45 
Co 50 47 47 
Ni 50 53 53 
Ni 50 2 3 
Cr 50 98 97 
Ni 50 54 54 
Mn 50 46 46 
Ni 50 53 53 
Fe 50 47 47 
Ni 50 57 57 
Co 50 43 43 

 

 
Table C3: XRF for trimetallic PBA and PBA – Derived carbides 

Metal Target % Actual % (PBA) Actual % (Carbide) 
Trimetallic 

Cr 
Fe 

33 10 4 
33 49 46 

Co 33 41 50 
Cr 33 20 15 
Fe 33 37 38 
Ni 33 43 47 
Cr 33 16 12 
Co 33 39 42 
Ni 33 45 46 
Mn 33 25 26 
Fe 33 41 41 
Co 33 34 33 
Mn 33 22 25 
Fe 33 53 48 
Ni 33 25 27 
Mn 33 25 30 
Co 33 40 44 
Ni 33 35 26 
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Table C3 Continued 

Metal Target % Actual % (PBA) Actual % (Carbide) 
Trimetallic 

Fe 33 32 30 
Co 33 38 36 
Ni 33 30 34 
Cr 33 17 19 
Mn 33 28 28 
Fe 33 55 54 
Cr 33 20 18 
Mn 33 30 37 
Co 33 50 55 
Cr 33 25 36 
Mn 33 25 29 
Ni 33 50 35 

 

 

 
Table C4: XRF for tetrametallic PBA and PBA – Derived carbides 

Metal Target % Actual % (PBA) Actual % (Carbide) 
Tetrametallic 

Cr 
Fe 
Co 
Ni 

25 13 7 
25 30 27 
25 28 32 
25 29 34 

Mn 
Fe 
Co 
Ni 

25 27 28 
25 25 26 
25 31 32 
25 17 15 

Cr 
Mn 
Co 
Ni 

25 17 17 
25 22 22 
25 35 36 
25 26 25 

Cr 
Mn 
Fe 
Ni 

25 18 18 
25 20 21 
25 32 33 
25 30 28 

Cr 
Mn 
Fe 
Co 

25 13 11 
25 22 21 
25 31 32 
25 34 36 
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Table C5: XRF for Pentametallic PBA and PBA – Derived carbides 

Metal Target % Actual % 
(PBA) Actual % (Carbide) 

Tetrametallic 
Cr 40 26 24 
Mn 40 39 32 
Fe 6.67 19 22 
Co 6.67 11 13 
Ni 6.67 5 9 
Cr 30 22  22 
Mn 30 27  27 
Fe 13.33 18  18 
Co 13.33 17  17 
Ni 13.33 13  13 
Cr 20 13 12 
Mn 20 16 17 
Fe 20 24 24 
Co 20 27 27 
Ni 20 21 39 
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APPENDIX D: PXRD FOR ALL PBA AND CARBIDES FROM 
MONOMETALLIC TO PENTAMETALLIC 

 
Appendix D includes all pXRD data for monometallic to pentametallic PBA and PBA – derived 

carbides. 
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Isabella A. Bertini 
ORCID: https://orcid.org/0000-0001-8365-7259 

Education 

Ph.D. in Materials Chemistry       | Florida State University |   

| Graduation Date: Aug 2nd 2024 |        | Concentration in Nanoscience |   

M.S. in Materials Chemistry (In-Flight)     | Florida State University |   

| Graduated: Dec 2021 |         | Concentration in Nanoscience |                                         

B.S.  in Biology            | University of North Georgia − Dahlonega |   

| Graduated: May 2019 |                | Minor: Chemistry |   

Research Experience 

Graduate Student Research in Nanomaterial Chemistry  

| Geoffrey F. Strouse Ph.D. | Florida State University: Aug 2019 – Present | 

Investigation of first-row transition metal nanocarbides for electrochemical water splitting 

• Design, synthesis, and full (structural, elemental, chemical, and morphological) 
characterization of novel Fe, Co, Ni based (monometallic, bimetallic, and trimetallic) 
nanocarbides from Prussian Blue Analogue (PBA) single source precursors for 
application in the oxygen evolution reaction (OER) and hydrogen evolution reactions 
(HER) 

• Elementary electrochemical analyses (LSV, CV, chronopotentiometry) to assess 
electrocatalyst performance in the water splitting reaction (OER/HER)  

• Study of OER kinetics through Tafel analysis  
• Collaboration with local computational chemists to probe the thermodynamics and 

energetics of nanocarbide catalysts for OER 
• Post OER physical and chemical characterizations to observe material transformation 

events under OER conditions  

Investigation of halide incorporation on resultant nanocrystal phase 

• Synthesis and full (structural, elemental, chemical, and morphological) characterization 
of pure phase FeCo nanocarbides 

• Use of synthetic parameters: temperature, time, metal ratio, halide concentration, and 
halide species to target unique nanocrystal phases 

• Collaboration with local computational chemists for mechanistic insight into the effect of 
halides in our synthetic route 

Investigation of the structure – property relationship in nano metal-xides (x = C,P,O,S,N) 

for applications in catalysis and magnetism 
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• Synthesis and full (structural, elemental, chemical, and morphological) characterization 
of multi-metallic first row transition metal-xides (Cr, Mn, Fe, Co, Ni, Cu, Zn) 

• Elementary electrochemical analyses (LSV, CV, chronopotentiometry) to assess 
electrocatalyst performance in the water splitting reaction (OER/HER)  

• Study of OER kinetics through Tafel analysis  
• Determination of catalytic performance dependence on crystal phase in these new 

materials  

Undergraduate Student Research in Polymer Chemistry  

| N. Eric Huddleston Ph.D. | University of North Georgia – Dahlonega: Aug 2018 – May 2019 | 

• Perform and research classical and modern synthesis reactions for plant derived polymers 
• Small scale synthesis of pre-polymers/polymers via photocycloaddition reactions using 

fumaric acid and derivatives 
• Analysis of crude products and starting material with 1H-NMR and IR techniques 
• Record of mechanisms, reactions, and procedures executed 
• Literature research for modern green chemistry protocols 

Undergraduate Student Research in Nanomaterial Chemistry  

| Megan Foley Ph.D. | University of North Georgia – Dahlonega: Jan 2019 – May 2019 | 

• Synthesis of fluorescent and magnetic nanoparticles 
• Characterization of synthesized materials via XRD (through collaboration) 
• Literature research on biological applications of materials of interest (weekly assignments 

were discussed at group meetings 1x a week) 
• Development and production of elementary lab procedures for Materials chemistry 

course based on relevant literature 

Lab Techniques and Instrumentation Experience 

• Microwave synthesis of nanoparticles 
• Round bottom synthesis of nanoparticles 
• Schlenk line technique 
• Powder X-ray Diffraction (pXRD)  
• Single Crystal X-Ray Diffraction (SCXRD) 
• X-ray fluorescence (XRF) 
• X-Ray Photoelectron Spectroscopy (XPS) 
• Transmission and ATR FTIR Absorption Spectroscopy 
• Raman Spectroscopy 
• UV-Vis Absorption Spectroscopy 
• Thermogravimetric Analysis (TGA) 
• Differential Scanning Calorimetry (DSC) 
• Cyclic Voltammetry (CV) 
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• Linear Sweep Voltammetry (LSV) 
• Chronopotentiometry (CP) 
• Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
• Proton and Carbon (Solution) NMR Spectroscopy 
• Scanning electron microscopy (SEM) 
• Light and dissection microscopy 
• Column/affinity/size exclusion chromatography 
• SDS-PAGE  
• Agarose and polyacrylamide gel-electrophoresis 
• PCR 
• RotoVap 
• Aseptic inoculation of agar plates and broths 
• Knowledge of selective and growth media to isolate an organism 
• DNA/RNA/protein extractions 
• Dissection techniques 
• Restriction enzymes and molecular cloning 
• Titration 

Software Skills 

• All Microsoft software, ChemDraw, PYMOL, GenBank, Molecular EvolutionaryO 
Genetics Analysis (MEGA), mVista, clustal sequence alignment, SciFinder, ImageJ, 
SWISS-MODEL, Smartlab Studio II, Igor, casaXPS, Smartlab Studio II, 
crystalmaker, crystaldiffract, originpro. 

Publications 

1. Title: “A Single Source, Scalable Route for Direct Isolation of Earth Abundant Nano − 

Metal Carbide Water Splitting Electrocatalysts"  

Authors: Nguyen, E.T.; Bertini, I.A.; Ritz, A.J.; Lazenby, R.A.; Mao, K.; McBride, 

J.R.; Mattia, A.V.; Kuszynski, J.E.; Wenzel, S.F.; Bennett, S.D.; Strouse, G.F. 

Journal: Inorganic Chemistry, 2022, 61, 35, 13836-13845 

DOI: 10.1021/acs.inorgchem.2c01713 

2. Title: “Electrocatalytic activity and surface oxide reconstruction of bimetallic iron–cobalt 

nanocarbide electrocatalysts for the oxygen evolution reaction” 

Authors: Bertini, I.A.‡; Ritz, A. ‡; Nguyen, E.T.; Strouse, G.F.; Lazenby, R.A. 

Journal: Royal Chemistry Society Advances 2023,13, 33413-33423 

DOI: 10.1039/D3RA07003D 

3. Title: “Microwave Inhibition of the Hydrogenation of CO2 for Methane Formation” 

https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01713
https://doi.org/10.1039/D3RA07003D


218 
 

Authors: Hsu, C.; Bertini, I.A.; Bogle, M.; Lochner, E.; Strouse, G.F.; Stiegman, A.E.* 

Journal: ACS J. Phys. Chem. C, 2023 127, 19, 9067–9075 

DOI: 10.1021/acs.jpcc.3c01599 

4. Title: “Influence of Al2O3 Overlayers on Intermolecular Interactions between Metal 

Oxide Bound Molecules” 

Authors: Knorr E. S.; Basquill, C.T.; Bertini, I.A.; Arcidiacono, A.; Beery, D.; Wheeler, 

J.P.; Winfred, J.S.R.; Strouse, G.F.; Hanson, K. 

Journal: Molecules 2023, 28(12), 4835 

DOI: 10.3390/molecules28124835 

5. Title: “Halide − Mediated Phase Control of PBA − Derived FexCo1-xCy Nanocarbides” 

Authors: Bertini, I.A.; Bell, S.; Lamichhane, B.; Kattel, S.; Strouse, G.F 

Journal: under revision to ACS Chemistry of Materials 

DOI: TBD 

6. Title: “Prussian Blue Analogue Derived First Row Transition Metal High-Entropy 

Nanocarbides” 

Authors: Bertini, I.A.; Bell, S.; Johnpoll, D.; Strouse G.F. 

Journal: under preparation 

DOI: TBD 

7. Title: “Synthesis of First-Row Transition Metal High-Entropy Nano MX-ides for OER” 

Authors: Bertini, I.A.; Bell, S.; Johnpoll, D.; Strouse G.F. 

Journal: under preparation 

DOI: TBD 

8. Title: “Tracking surface oxide formation in FeNi-containing nanocarbides: insights into 

carbide catalyst degradation in alkaline OER conditions” 

Authors: Ritz, A. ‡; Bertini, I.A.‡; Bourque, M.R.; Weissberger, R.D.; Castro, S.; 

Barton, D.; Wysel, S.; Gorman, J.; Strouse G.F.; Lazenby, RA. 

Journal: under preparation 

DOI: TBD 

9. Title: “PBA − Derived FeCoNi Trimetallic Nanocarbides for Electrocatalytic Water 

Splitting” 

Authors: Ritz, A.; Bertini, IA.; Bell, S.; Gorman, J.; Strouse, G.F.; Lazenby, R.A. 

https://doi.org/10.3390/molecules28124835
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Journal: under preparation  

DOI: TBD 

Research Presentations 

American Chemical Society Spring National Meeting            New Orleans, 

LA 

“Halide-mediated phase control in Fe, Co, and Ni nano M-xides (x = C, O, P, S) for applications 

in catalysis and magnetism” 

03/20/2024  Oral Presentation 

American Chemical Society Spring National Meeting               Indianapolis, 

IN 

“Investigating the effect of crystal phase and bimetallic ratio modulation in FeCo and FeNi 

nanocarbides for applications in catalysis and magnetism” 

03/28/2023  Oral Presentation 

Florida State University Departmental Materials Seminar                

Tallahassee, FL 

“A Study of Structure − Property Relations in 3d Transition Metal Nanocarbides” 

03/23/2023  Oral Presentation 

 

American Chemical Society Spring National Meeting     San Diego, 

CA 

“Stoichiometric control, Optimization, and Electrocatalytic Performance of Various Bimetallic 

MX-ides (X= carbides, phosphides, nitrides, sulfides, oxides) for the Oxygen Evolution 

Reaction” 

03/23/2022  Oral Presentation    

Doctoral Candidacy Oral Presentation                 Tallahassee, 

FL 

“Rational Design of Earth-Abundant Electrocatalysts for the Oxygen Evolution Reaction” 

11/19/2021  Oral Presentation       

American Chemical Society Fall National Meeting         

Atlanta, GA 

“Synthesis and Optimization of Fe3-xCoxC for the Oxygen Evolution Reaction (OER)” 
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8/25/2021  Oral Presentation       

University of North Georgia Departmental Seminar               

Dahlonega, GA 

“Mesoscale Templated Growth of Iron-Cobalt Nanomaterials: A Study of Size, Phase, and 

Composition” 

2/19/2021  Oral Presentation  

Florida State University Departmental Materials Seminar               

Tallahassee, FL 

“Designing Nanoscale First-Row Transition Metal Carbide and Alloys for the Oxygen Evolution 

Reaction” 

10/1/2020   Oral Presentation      

American Chemical Society Spring National Meeting         Orlando, FL 

“From Nature to Materials: Progress towards the Synthesis of Reversible Crosslinking Materials 

via the [2+2] Photocycloaddition of Fumaric Acid and its Derivatives” 

04/03/2019  Poster Presentation Session: Green Chemistry 

• Capstone project for two semesters of research on plant-derived polymers 

Teaching Experience  

Graduate Teaching Assistant Florida State University Aug 2019 – Present 

Lecture Teaching Assignments 

General Chemistry I and II (7 semesters, lead TA for 6 semesters) 

Roles and Responsibilities 

• Engaged with students directly 5.5 hours a week 
o 3 – 1.5 hr lecture classes (330+ students)  
o 1 – 1 hr recitation classes (3 sections of 30 students each) 

• Plan and execute weekly recitation exercises  
o a mixture of short lectures, discussions, workshops, Q&A sessions, and/or kahoot or 

competitive/teamwork activities 
• Facilitated learning of subject matter via hands on assistance in active learning assignments 

during lecture classes 
• Encouraged collaborative learning during class and recitation 
• Monitored one-on-one student progress during office hours held 2x/wk 
• Prepared exam (4-5x/semester) and quiz (10-15x/semester) questions  
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• Edited and proofed exams (4-5x/semester) 
• Graded exams (4-5x/semester) and quizzes (10-15x/semester) 

Lead TA (TA Supervisor) Responsibilities 

• Organize and coordinate weekly TA meetings to discuss lesson plans  
• Serve as liaison for communication of course information between professor on record and 

TAs  
• Delegate tasks (grading and question writing) to TAs handed down from professor on record 
• Train and mentor new TAs 

o Provide a key for workshops/activities (1/wk) 
o Walk through workshops/activities for recitation (1/wk) 
o Explain in detail how “active learning” and “facilitating learning” differ from just 

providing answers to students 
o “Open door” policy- new TAs can always reach me in my office or via text/email 
o Mentor new TAs on their journey through the graduate program by checking in on 

mental health throughout the semester  

Inorganic Chemistry (1 semester) 

• Engaged with students directly 5 hours a week 
o 4 – 1 hr lecture classes (30 students)  
o 1 – 1 hr recitation classes (30 students) 

• Edited and proofed exams (4-5x/semester) 
• Graded exams (4-5x/semester) and quizzes (10-15x/semester) 
• Monitored one-on-one student progress during office hours held 2x/wk 

Laboratory Teaching Assignments 

General Chemistry I and II Laboratory (2 semesters) 

Organic Chemistry Laboratory (1 semester)  

One-Semester Condensed Organic Laboratory for Pre-Professional Majors (1 semester)  

• General Roles and Responsibilities for all labs (10 labs/semester) 
o Engage with students via hand-on lab training and supervision for 3 hr lab 1/wk (3 

sections of 30 students) 
o Implement and ensure safety protocol by enforcement of wearing proper PPE and 

waste disposal 
o Plan and lead pre-lab discussions and demonstrations on related course materials 

(3/wk) 
o Monitor one-on-one student progress during office hours held 2x/wk 
o Grade midterm and final exams (2x/semester) 
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Tutoring Experience  

Freelance – Aug 2015 – Present 

Classes offered: General Biology I and II, Genetics and Cell Biology, General Chemistry I and 
II, Organic Chemistry I, Biochemistry I and II, Algebra, Pre-Calc, Trigonometry  

Pedagogy at a glance: 

• Engaged with students in 1-3 1 hr sessions per week, depending on students need 
• Plan and prepare practice problems and worksheets for each session 
• Discuss a brief synopsis of the subject matter with students to assess where strengths and 

weaknesses are 
• Facilitate learning by first working on a practice problem together and then allowing 

student to try on their own and when they get stuck work through the thought process 
they should use to solve the problem at hand 

 

Mentorship Experience 

Undergraduate Research Opportunity Program (UROP) Mentor  

Florida State University: Aug 2021-Present 

Mentees: Sebastian Castro (Chem-Engineering), Dylan Barton (Chem-Engineering), James 
Gorman (Biochemistry), Samantha Bell (Biochemistry), Dorian Johnpoll (Biochemistry) 

Mentorship at a glance: 

• Educate students on the nanomaterial research field and increase scientific literacy via 
weekly literature discussions  

• Plan and execute hands - on research  
o Develop and strategize a research project for each student to work on 
o Educate students on the fundamentals of nanomaterial research 
o Explain in detail the rationale for synthetic procedures, characterization methods, and 

each students research project 
o Plan weekly experiments for students to execute (1-3x/wk) 
o Assist with synthetic apparatus set-up and clean-up  
o Explain and train students in physical and chemical characterization techniques of 

synthesized nanomaterials  
o Provide opportunities for students to present research findings at local or national 

conferences (all mentored students presented at the FSU UROP symposiums (SP 
2022-2024), James Gorman (SP 2023) and Samantha Bell (SP 2024) presented at the 
ACS national meetings) 
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o Provide advice and encouragement for continuing education  
o Assist in applications for REU, graduate degree programs, and professional degree 

programs  
 Sebastian Castro received a summer REU for SU 2023 at California Tech 
 James Gorman received a travel award for the ACS SP 2023 conference to 

present his research 
o Provide letters of support/recommendations for future endeavors  

 

Leadership/Awards 

• Excellence in graduate teaching department of chemistry awardee Spring 2024 
• Excellence in graduate teaching- nominee 2021, 2022, 2023 
• Scholarship Chair Committee Head 2 semester for UNG CO-ED National Honor 

Fraternity: Phi Sigma Pi 
• Peer Health Educators 1 semester 
• Sales manager for 5 years in the retail industry 

 


